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Abstract

DNA damage from both exogenous and endogenous sources occurs
continuously in all cells. A multitude of DNA repair mechanisms have
evolved to maintain genome stability. The 53BP1 tumour suppressor
has been identified as a so-called mediator of the DNA double-strand
break repair, promoting simple joining of breaks rather than a complex
process of using an intact homologous strand as a template for repair.
Additionally, 53BP1 is critical for class switch recombination in B-cells,
a fusion of de-protected telomeres, and promotes the mobility of the
broken ends of chromosomes. A previous proteomic screen for
interacting partners of 53BP1 identified a kinesin, KIF18B, as a novel
interactor. This interaction occurs via the Tudor domain of 53BP1 and
a newly identified Tudor Interacting Motif (TIM) in KIF18B. KIF18B, is
a kinesin-8 family member with a known role in maintaining the length
of astral microtubules. Here we investigated the involvement of
KIF18B in the DNA damage response and found it to be mainly nuclear
in interphase and localised to DNA damage sites. We have also shown
that 53BP1 focal recruitment to sites of DNA damage is KIF18B
dependent. Furthermore, KIF18B is involved in the fusion of de-
protected telomeres. Telomere fusion and 53BP1 recruitment to
Telomere Dysfunction-Induced Foci, requires TIM, as well as the
motor domain of KIF18B. Based on our observations, we propose a
role for KIF18B in DNA damage response through mediating 53BP1
dependent DNA double-strand break mobility. Besides, we
established that the KIF18B protein expression is cell cycle regulated,
which increases as cells move from G1 to mitosis, and returns to low
levels in late mitosis and early G1. Interestingly, we also showed a
specific localisation of KIF18B to the midbody of cytokinetic cells,

suggesting a role for KIF18B in abscission.
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Chapter 1: General Introduction



Chapter 1

1.1. The Cell Cycle

The duplication and segregation of all cellular components is termed
the cell cycle and is conserved in all eukaryotes from yeasts to
humans. The information required for growth and development is
contained in nuclear DNA and packaged into chromosomes,
collectively termed the genome. The genome is duplicated and
segregated with high fidelity during each cell cycle. In general, the
genome is duplicated during the S (synthesis) phase and segregated
during M (mitosis) phase. Between S and M there are two ‘gap’
phases, termed the G1 and G2 phases (Barnum and O’Connell, 2014).
The G1 and G2 phases are the intervals for cell growth and
preparation for the subsequent S and M phases respectively (Bruce,
2008).

1.2. G1 and G1/S transition

The G1 phase is typically the longest and, with respect to cell growth
and assessment of the environment for cells to proliferate, the most
important phase of the cell cycle. The cell assesses the external
environment (e.g., nutrient, growth factors), as well as cell size before
making a decision to commit to another cell cycle. The decision point
which cells irreversibly commit to proliferate rather than to exist the cell
cycle is termed the ‘Restriction point’ in higher eukaryotes and the
‘Start’ in yeast (Bertoli et al., 2013). Cells exit the cell cycle at the
Restriction point or Start if conditions are unfavourable and go into an
un-dividing status termed GO or quiescence (Martin and Stein, 1976).

Cyclins are the key regulators of cell cycle progression that activate
Cyclin-dependent kinases or CDKs (Evans et al., 1983; Lees, 1995)
(Figure1.1.). In higher eukaryotes, the major G1 Cyclins are the Cyclin
Ds (Cyclin D1, D2 and D3, in human cells), with Cyclin E contributing
to the G1/S transition, once the commitment to pass the restriction
point has been made. Cyclin D partners with CDK4 or CDK6 and
together these Cyclin D-CDK4/6 complexes phosphorylate the
2
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retinoblastoma tumour suppressor, pRB (Morgan, 1997). Hypo-
phosphorylated pRB associates with the E2F transcription factor and
represses E2F-dependent transcription. Increasing phosphorylation of
pRB, initially by Cyclin D-CDK4/6 and in late G1 by Cyclin E/CDK2,
results in dissociation of the pRB transcription repressor from E2F.
Therefore, the required proliferation genes for the progression of a cell
through the remainder of the cell cycle will be transcribed. One of the
genes upregulated by E2F is Cyclin E, which in a positive feedback
process releases more E2F (Bartek and Lukas, 2001; Guan et al.,
1994; Lukas et al., 1997). The waves of transcription following pRB
phosphorylation have been studied in detail, as loss of appropriate
control is associated with cancerous proliferation. Increasing levels of
D-type Cyclins as cell size increases and in response to nutrient
availability and growth factor stimulation are required for sufficient
Cyclin D-CDK4/6 activity to trigger the restriction point. Cell cycle
progression before the restriction point is entirely dependent upon
Cyclin D levels, while after transit through the restriction point,
expression of Cyclin E is also important (Honda et al., 2005).
Interestingly, destruction of the inhibitor, p27*! of Cyclin E-CDK
complexes is regulated by its Cyclin D-dependent ubiquitination and
degradation (Bartek and Lukas, 2001; Sheaff et al., 1997). Upon de-
repression of pRB, increased expression of Cyclin E will also
contributes to p274P' degradation (Honda et al., 2005).
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Cyclin Expression Cycle

D

Concentration

X

G1 Phase S Phase G2 Phase Mitosis

Figure 1.1. Cyclin activities during the cell cycle

The graph shows the cell cycle stages on the x axis and the relative concentration of the
Cyclins during the time of cell cycle on the Y axis. The principle fluctuation of the Cyclins in
partnership with the Cyclin-dependent kinases CDKs regulates the cell cycle progression
through the four cell cycle stages. Once G1 is initiated, Cyclin D is synthesised and drives the
G1/S transition. As the consequence of Cyclin D activation, the Cyclin E will be transcribed,
expressed and associate with CDK2. The activation of Cyclin E-CDK2 will result in Cyclin A
expression and allowing the cell to enter the S phase. Cyclin A promotes entering to the S
phase while coupled with CDK2 and promotes entering M phase when binds to CDK1. The
Cyclin A remained bound with CDK1 until the late G2, when it is replaced with Cyclin B. Cyclin
A-CDK1, before getting ubiquitinated and degraded, activates and stabilises the Cyclin B-
CDK1 complex. [Figure inspired by Bruce, 2008]

1.3. S phase progression

To efficiently drive cells through the G1/S transition, Cyclin E-
dependent hyperphosphorylation of pRB is important for irreversible
progress into the S phase (Satyanarayana and Kaldis, 2009).
Subsequent synthesis of Cyclin A and the resulting Cyclin A-CDK2
complex is required to promote the initiation of DNA synthesis through
phosphorylation of pre-replication complexes, already bound to origins
of replication in early G1 (Coverley et al., 2002; Petersen, 1999).
P220NAPT is another Cyclin E-CDK2 substrate accumulated in Cajal
bodies in the nucleus. The Cyclin E-CDK2 phosphorylation of
p220NAPT ensures that sufficient histones are expressed to package
duplicated DNA (Ma, 2000). To ensure the stability of chromosome
copy number and since the oncogenic activation of some proto-
oncogenes and consequent tumour progression is associated with

replication stress, DNA replication in the S phase must be precisely
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controlled to prevent inappropriate replication of chromosomal DNA
(Primo and Teixeira, 2020).

1.4. G2/M transition and mitosis

Cyclin-CDK complexes also regulate the G2/M transition (Figure 1.1.).
Cyclin B-CDK1 is in charge of coordination of G2/M transition
(Johnson and Kornbluth, 2012; Morgan, 1997; Nurse, 1990). The
expression of Cyclin B starts in the mid S phase and peaks in G2.
Cyclin B activity during the S phase is controlled by its cytoplasmic
localisation, a consequence of Cyclin B having Nuclear Export Signal
(NES). Once Cyclin B expression increases to a threshold level in G2,
it will relocate to the nucleus and assure the progress to mitosis
(Hagting et al., 1998; Moore, 2003). The CDK1 has to be
phosphorylated at Thr 14 and Tyr 15, catalysed by WEE1 and MYT1
respectively right after partnered with Cyclin B to keep the Cyclin B-
CDK1 complex in its inactive form (O’Farrell, 2001; Russell and Nurse,
1987) (Booher et al.,, 1997; Takizawa and Morgan, 2000). The
dephosphorylation and subsequent activation of Cyclin B-CDK
complex is coordinated by Cyclin A-CDK2 at late G2, which activates
CDC25 through PLK1 dependent phosphorylation (Furuno et al.,
1999). The Cyclin B-CDK1 complex is dephosphorylated at Thr14 and
Tyr 15 by CDC25 (Gavet and Pines, 2010; Gheghiani et al., 2017;
lzumi and Maller, 1993; Johnson and Kornbluth, 2012). Further WEE1
and MYT1 inactivation, including phosphorylation and dispatch for
degradation, is promoted by active Cyclin B-CDK1 complex in a

positive feedback loop (Lindqvist et al., 2007).

Active Cyclin B-CDK1 complex will phosphorylate the downstream
targets for irreversible mitosis stages progression, including nuclear
chromosome condensation, nuclear envelope breakdown (NEBD),
chromosome segregation and eventually, the cytokinesis (Adhikari et
al., 2012). The chromosome condensation required for the
segregation of chromosomes is catalysed by condensin Il which is
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activated through CDK1 dependent phosphorylation (Abe et al., 2011;
Kimura, 1998). At the same time, nuclear lamins are phosphorylated
by Cyclin B-CDK1 complex, which promote their dissociation and
NEBD (Peter et al.,, 1991). Through a negative feedback loop, the
CDK1 kinase activity decreases to stimulate chromosome segregation
in anaphase, while the anaphase promoting complex/cyclosome
(APC/C) ubiquitinates Cyclin B and promotes its degradation (Murray,
2004). The degradation of Cyclin B results in the reduction of Cyclin
B-CDK1 activity and therefore, allows the cell to progress through
chromosome segregation in anaphase and cell separation in

cytokinesis (Queralt and Uhlmann, 2008).

1.5. Cytokinesis and abscission

During telophase, the equally divided chromosomes start to de-
condense, which is mediated by clearance of p97 dependent
polyubiquitylated Aurora B. p97 is a hexameric ATPase implicated in
membrane fusion and ubiquitin-dependent processes. However, the
downstream targets of Aurora B kinase in chromosome de-
condensation and other p97-dependent activities are poorly
understood (Ramadan et al., 2007). Nuclear envelope reformation
from the endoplasmic reticulum expansion around the segregated
chromosomes is concurrent with chromosome de-condensation
(Burke, 2001) (Prunuske and Ullman, 2006). The nuclear envelope is
a bilayer membrane composed of an inner nuclear membrane (INM)
and the outer nuclear membrane (ONM). The nuclear pore complexes
(NPCs) form at the event of fusion of the INM and ONM. The NPCs
police the trafficking of proteins between the cytoplasm and nucleus
(Lu et al.,, 2011; Schooley et al., 2012a). At anaphase, the
microtubules form a dense bundle at the centre of the mitotic spindle
called the central spindle. The astral microtubules also contribute to
define the position of the central spindle. Upon completion of
chromosome segregation, ingression of the cytoplasm occurs upon
formation of a contractile ring (CR), composed of actin and myosin |l,
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which pulls towards the central spindle (Fraschini, 2020). The final
step of cytokinesis, known as abscission, requires Endosomal Sorting
Complex Required for Transport (ESCRT) to progress (Christ et al.,
2017). As cytokinesis advances, the CR contracts until a microtubule
containing canal, about 1uym in diameter, forms between the two
daughter with the antiparallel microtubules overlapping each other at
the midbody (Henson et al., 2017). At this stage, actin and myosin
have dissociated from the CR. The midbody within the intercellular
canal provides a platform for recruitment of many proteins, including
those required for abscission such as the ESCRTIII complex (Barr and
Gruneberg, 2007; Pelham and Chang, 2002; Steigemann and Gerlich,
2009).

1.6. Checkpoints regulating the cell cycle

Cells are evolved to preserve the stability of genetic information in a
very meticulous and organised way. A proper error-free cell
proliferation is maintained by different checkpoints during the cell
cycle. The checkpoints induce delays at key cell cycle transitions, such
as G1/S and the G2/M, as well as ensuring error-free DNA replication
in intra-S checkpoint (Figure1.2.). The two phosphotidylinositide 3-
kinase like kinases (PIKKs); Ataxia telangiectasia mutated (ATM) and
Ataxia telangiectasia and Rad3 related (ATR) are critical apical
regulators of DNA damage checkpoints (Ciccia and Elledge, 2010).
Checkpoints either delay cell cycle progression to facilitate DNA
repair, or induce apoptosis to prevent lethal or carcinogenic DNA
lesion transmission (Cimprich and Cortez, 2008; Flynn and Zou, 2011;
Lowndes and Murguia, 2000).
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Figure 1.2. The cell cycle checkpoints

The cell cycle and checkpoints through four stages of the cell cycle including G1 (Gap1
phase), S (Synthesis phase), G2 (Gap2 phase) and M (mitosis or cell division). Genome
integrity is guarded at major DNA damage dependent checkpoints. G1/S (Restriction point),
Intra-S and G2/M, in addition to spindle assembly checkpoint, are ensuring the cell cycle
progression. [The schematic inspired by Cheen Fei Chin and Foong May Yeong, 2010]

1.6.1. G1/S checkpoint

The Restriction point/Start in G1 is and environmental and DNA
damage check point, preventing cells to progress through the cell
cycle in unfavourable condition and propagate the damage in DNA in
the S phase. The normal transition of G1/S is coordinated by Cyclin E
when coupled with CDK2. CDK2 gets activated through the removal
of inhibitory phosphorylation by CDC25A before partnering with Cyclin
E (Satyanarayana and Kaldis, 2009). Upon DNA damage, the
activation of ATR and ATM will result in CHK1 (Checkpoint kinase 1)
and CHK2 (Checkpoint kinase 2) activation respectively, which will be
followed by CDC25A phosphorylation (Canman, 1998). The
phosphorylated CDC25A will be promoted to be degraded and in this
way the G1/S transition will be halted until the DNA damage gets
repaired (Figure1.2.) (Falck et al., 2001). Alternatively, ATR, ATM and
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CHK2 will phosphorylate p53 on serine 20 and promote its dissociation
from the E3 ubiquitin ligase, MDM2. Thereafter, the stabilised p53 can
stimulate transcription of p21, a CDK2 inhibitor, halting the progression
of the G1 to S phase to assure genome integrity (Bartek and Lukas,
2001; Li and Zou, 2005).

1.6.2. Intra S checkpoint

Although there is a DNA damage checkpoint in G1, there is no
guarantee that fault-free DNA will enter the S phase as a template for
DNA replication. Therefore, there is an intra-S phase checkpoint for
policing genome integrity during synthesis as well (Figure1.2.). The
intra-S checkpoint regulates origin firing, fork progression, and fork
stability (Early et al., 2004; lyer and Rhind, 2017; Santocanale and
Diffley, 1998).

The intra-S checkpoint is activated by ATR and enforced by ATM if
DSBs occur. ATR can respond to a variety of DNA lesions once they
have been processed into single-stranded DNA (ssDNA), while ATM
is specific to DSBs (Petermann et al., 2010; Shechter et al., 2004).
Activation of the intra-S checkpoint will start with ATR and ATM-
mediated CHK1 and CHK2 phosphorylation and results in stabilisation
of the replication fork and inhibition of DNA replication initiation and
DNA elongation (Lupardus, 2002; Tercero and Diffley, 2001; Tercero
et al., 2003)

The CHK1 dependent regulatory complex inhibits DNA replication
initiation through phosphorylation of the CDC7/DBF4. The kinase
activity of CDC7 and its regulatory subunit, DBF4, is required for
CDC45 loading on origins of replication and subsequent DNA
polymerase «a activity (Jiang, 1999; Petermann et al., 2010; Takisawa
et al., 2000). Alternatively, CHK1 promotes Cdc25A phosphorylation
and consequently degradation. This results in reduced Cyclin A/CDK2
and Cyclin E/Cdk2 activities which impedes the cell cycle progression
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into the S phase (Busino et al., 2003; Falck et al., 2001; Zhang and
Hunter, 2014; Zhao et al., 2002)

At the stalled fork, replication proteins are prevented from dissociating
by the checkpoint (Cortez, 2015; Jossen and Bermejo, 2013).
However, as a recent review on intra-S checkpoint (lyer and Rhind,
2017) concludes, it remains controversial whether the dissociation of
the replisome components is ATR dependent or depends on the whole
checkpoint process involving other proteins (Cobb, 2005; Lucca et al.,
2004; Trenz et al., 2006). Moreover, it is unclear whether the
checkpoint regulates the physical association of the replisome
components or just regulates their functionality (Cortez, 2015; lyer and
Rhind, 2017).

1.6.3. G2/M checkpoint

The Cyclin B/CDK2 complex regulates mitotic entry (FUNG and
POON, 2005; Lindgvist et al., 2009; Lohka et al., 1988). Therefore, the
G2/M DNA damage dependent checkpoint inhibits Cyclin B/CDK1 via
ATR and ATM activation and subsequent CHK1 and CHK2
phosphorylation (Zhao et al., 2002). The activity of Cyclin B/CDK1 is
regulated by the balance between WEE1 kinase (inhibitor) and CDC25
phosphatase (activator) activities (O’Farrell, 2001). The CHK1 and
CHK2 phosphorylate CDC25 and promote its binding to 14-3-3 protein
which blocks the CDC25 activity and stabilises phosphorylation of
CDK1 at Thr14 and Tyr 15, leading to Cyclin B/CDK2 decreased
activity (Chen et al., 2003; Schmidt et al., 2017; Watanabe et al.,
2004). In addition, the G2/M checkpoint is modulated by p53 through
upregulation of GADD45 and 14-3-3 transcription. Moreover, p53
promotes transcription of p21, an inhibitor of CDK2 (Taylor and Stark,
2001).
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1.6.4. Spindle assembly checkpoint

Abscission is considered the final step of both cytokinesis and mitosis.
To produce two normal and functional cells at the end of mitosis, the
cytoplasmic canal between the daughter cells has to be severed
(Mierzwa and Gerlich, 2014; Schroeder, 1972). Any chromatin bridges
still present in the cytoplasmic canal should be cut if not resolved
before abscission. The abscission checkpoint delays cytokinesis until
such chromatin has been cleared from the canal (Hoffelder et al.,
2004; Steigemann and Gerlich, 2009). A defective abscission
checkpoint will result in aneuploidy, polyploidy or accumulation of DNA
damage, all of which are hallmarks of cancer (Hanahan and Weinberg,
2011; Hoffelder et al., 2004).

The abscission delay in the presence of trapped chromatin in the
cytoplasmic canal was first identified in budding yeast and known as
“‘NoCut” (Norden et al., 2006), while in human cells it is called
“‘Abscission checkpoint’(Steigemann and Gerlich, 2009). The
chromatin bridge acts as the signal to trigger the NoCut checkpoint as
long as the Ipl1/Aurora localises at the midbody and ADA histone
acetyltransferase component (Ahc1) is not affected (Mendoza et al.,
2009; Norden et al., 2006).

In human cells, Aurora B plays the pivotal role at the midbody in the
abscission checkpoint (Steigemann et al., 2009). In addition to the
presence of DNA bridges in the cytoplasmic canal, defects in
nucleopore assembly can activate Aurora B dependent abscission
checkpoint (Mackay et al., 2010). ANCHR protein (Abscission/NoCut
checkpoint regulator) as an abscission regulator, together with the
Chmp4c component of the ESCRT-IlIl complex at the midbody and
Vps4 (as an ATPase) form a trimeric complex that functions
downstream of Aurora B to delay abscission until DNA bridges are
completely resolved (Capalbo et al., 2016; Carlton et al., 2012;
Thoresen et al., 2014).

11
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1.7. DNA damage response

Each cell in our body repairs about 10° DNA lesions per day, caused
by endogenous and exogenous damaging agents. Reactive oxygen
species (ROS) produced during normal cellular metabolism or
incorporation of mismatched nucleotides throughout DNA replication
are examples of sources of endogenous DNA damage. Chemical
agents such as those used for chemotherapy, ionizing radiation and
ultra-violet radiation are examples of exogenous DNA damage (Cadet
and Wagner, 2013).

Our cells have evolved to sense and repair a wide variety of different
types of DNA damage using many different mechanisms, collectively
called DNA damage response (DDR) (Giglia-Mari et al., 2011).

The types of DNA lesions vary, and as such cells repair them in a
specific way. For example, base damage or incorrect base inclusion
are repaired through base-excision repair (BER) and mismatch repair
(MMR). Inclusion of bulky adducts are repaired by nucleotide excision
repair (NER), while inter-strand crosslinks are repaired through inter-
strand crosslink repair (ICLR) pathway. ICLR is mediated by the
Fanconi anaemia (FA) proteins. The lesions most difficult to repair
involve various nucleases, and multiple repair pathways. Single-strand
breaks (SSBs) in DNA will use single-strand break repair pathway to
be repaired. The most destructive type of damage, double-strand
breaks (DSBs), are repaired by Non-homologues end joining (NHEJ)
and Homologous recombination (HR) (Ciccia and Elledge, 2010;
Fortini, 2003; Giglia-Mari et al., 2011; Kamileri et al., 2012; Li, 2008).

Unrepaired DNA damage results in cell death or imperfective genomic
transfer through cell division (Cheung-Ong et al., 2013; Harper and
Elledge, 2007; Norbury and Zhivotovsky, 2004).

12
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1.7.1. Single-strand break

The base excision repair (BER) pathway involves an induction of
single-strand break in DNA through recognition and excision of the
damaged base (Kim and M. Wilson Ill, 2012; Lindahl, 1974). This
excision will result in an AP site to be attacked by AP-endonuclease
(APE1) and creates SSB (Jacobs and Schar, 2012; Li and Wilson,
2014). The abnormal deoxyribose phosphate is removed by BER and
an insertion of the missing nucleotide is catalysed by DNA
polymerasef (POLB) (Matsumoto and Kim, 1995). A DNA ligase
ensures the integrity of the repaired area by linking the nicks (Dianov
and Lindahl, 1994).

Poly (ADP-ribose) synthetase, PARP1, known as a key component in
SSB. PARP1 has a BRCT domain which mediates its interactions with
the BER/SSBR proteins (Benjamin and Gill, 1980; Dantzer et al., 2000;
Li and Wilson, 2014). PARP1 also has a well characterised interaction
with XRCC1 through the BRCT domain which is important in the
recruitment and coordination of repair factors to sites of DNA damage
(Masson et al., 1998).

After recognition of DNA damage, PARP1 activation is the first event
that occurs at DNA strand breaks (SSB and DSB). SSBs are rapidly
repaired, but DSBs are more difficult to repair despite the PARylation
at the breaks. Therefore, the DSBR takes over the repair process
(Chen et al., 2020).

1.7.2. Detection of DSBs

Upon the occurrence of DSBs, DDR proteins are rapidly recruited to
the damaged sites. ATM, as the primary DNA damage sensor, has a
critical role in marking the sites of DSBs (Shiloh, 2003). The exact
mechanism of ATM recruitment or sensing the damage by ATM

remains unclear.
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The ATM protein is predominantly nuclear and found as an active
homodimer. DSBs result in autophosphorylation of ATM at Serine
(S)1981 and its localisation to the damage sites (Bakkenist and
Kastan, 2003). The autophosphorylation of ATM is also dependent
upon the TIP60 (Tat interactive protein, 60 kDa) acetyl transferase,
which promotes the monomerization and autophosphorylation of ATM
(Sun et al., 2005). The Mre11-Rad50-Nbs1 (MRN) complex has also
been implicated in the activation of ATM from inactive dimer to active
monomer (Paull and Deshpande, 2014; Williams et al., 2007). The
Nbs1 from the MRN complex interacts with ATM through a short
interaction motif at its C-terminus, where it also interacts with ATR and
DNA-PK (Kanu and Behrens, 2007; Zhu et al., 2001). Nbs1 as well as
Mre11-Rad51 are required to promote the release of the inhibitory
effect of homodimeric ATM and moreover, make the damaged DNA
specifically accessible for ATM (Paull and Gellert, 1999; Uziel, 2003).

ATM, together with ATR and DNA-PK, are phosphatidylinositol (PI) 3-
kinase-like kinases (PIKK) family members important for DDR
signalling (Kim et al., 1999; Lovejoy and Cortez, 2009). Similar to ATM,
ATR is also subjected to autophosphorylation that is regulated by its
partner protein, (ATRIP), and RPA-bound single-stranded DNA (Liu et
al., 2011). The association of DNA-PK with DSBs is also regulated by
its autophosphorylation (DOUGLAS et al.,, 2002; Uematsu et al.,
2007).

One of the key targets of PIKKs is the histone variant H2AX, which is
phosphorylated by ATM on Serine (S)139 to form yH2AX (Burma et
al., 2001; Rogakou et al., 1998). yH2AX is recognized by Mediator of
DNA damage checkpoint 1 (MDC1) via its BRCA1 C-Terminus (BRCT)
domain, resulting in the recruitment of more ATM and more H2AX
phosphorylation to form a large domain of yH2AX spread over
megabases of chromatin either side of the DSBs. (Stewart et al.,
2003). Accumulation of yH2AX on the DSBs up to two megabases as
the first step of DSBs repair, made the yH2AX an extensively used
DSBs marker (Rogakou et al., 1998).

14
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1.7.3. Sequential early events at the DSB

Once the chromatin flanking DSBs is marked by yH2AX, it acts as a
platform for the recruitment of damage response proteins such as
MDC1 and its downstream substrates (Paull et al., 2000; Rogakou et
al., 1998). Upon ATM-dependent phosphorylation of MDC1, more
ATM is recruited to the DSBs through a positive feedback loop (Lou et
al., 2006). Moreover, the E3 ubiquitin ligase ring finger protein 8,
(RNF8), together with a second E3 ubiquitin ligase, ring finger protein
168 (RNF168) are recruited to catalyse the ubiquitination of Histone
H2A on Lysine 15 (H2AK15ub) (Goldberg et al., 2003; Mattiroli et al.,
2012; Stewart et al., 2003).

RNF8, in partnership with the E2-conjugated enzyme UBC13, adds
polyubiquitin chains to the linker histone H1, which in turn is
recognised by RNF168 (Thorslund et al., 2015). RNF168 is regulated
by further E3 ligases, TRIP12 and UBRS, to polyubiquitinate H2A on
K15 (Gudjonsson et al., 2012). H2AK15ub is reported as a critical
prerequisite for the recruitment of 53BP1 and BRCA1 to DSBs (Kolas
et al., 2007; Wu et al., 2009).

MDC1, BRCA1, and 53BP1 are categorised in the group of large
multidomain proteins called DDR mediators, which mainly recognise
the phosphorylation events downstream of ATM via their C-terminal
BRCT domains (Petrini, 2003; Williams et al., 2005). TopBP1 and
Claspin are additional DDR mediators, which mainly mediate
ATR/CHK1 signalling from single-stranded DNA (Kumagai et al., 2006;
Liu et al., 2006).

BRCA1 (Breast cancer type 1 susceptibility protein), which is mutated
in familial breast and ovarian cancer (King, 2003), is recruited to DSBs
with its partner proteins, RAP80, Abraxas, Brcc36, BRE, NBA1, and
MERIT40 to form complexes critical for mediating cell cycle
checkpoints and DNA repair (Feng et al., 2009; Shao et al., 2009;
Wang et al., 2009). The recruitment of BRCA1 is based on RNF8 and
RNF168 mediated ubiquitination and recognised by RAP80 via its
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ubiquitin interacting motif, UIM (Yan and Jetten, 2008). In partnership
with CtIP, BRCA1 also plays an important role in DNA end resection,
a critical early event in homologous recombination repair pathway
(Huertas, 2010; Symington and Gautier, 2011).

Interestingly, loss of 53BP1 does not result in very significant defects
in the repair of DSBs, created by ionizing radiation (Bouwman et al.,
2010; Mirman and de Lange, 2020; Panier and Boulton, 2014). This
suggests it is not a core component of NHEJ or HR. However, it plays
a critical role in long range DSB repair required for class switch
recombination (CSR) in B-cells and the fusion of de-protected
telomeres in all cell types (Difilippantonio et al., 2008; Dimitrova et al.,
2008; Mirman and de Lange, 2020).

Perhaps the most important role of 53BP1 in DSB repair is in the
regulation of DSB repair pathway choice (Kakarougkas and Jeggo,
2014). Its initial recruitment to DSB prevents their resection and thus
directs repair towards NHEJ and away from BRCA1-dependent
resection (Lowndes, 2010; Shibata, 2017). Therefore, the equilibrium
between the 53BP1 and BRCAT1 is critical for repair pathway choice.

1.7.4. DSB Repair pathways

There are two main conserved pathways for the repair of the DSBs;
homologous recombination (HR) and non-homologous end joining
(NHEJ). HR is based on repairing the damage sites using a template,
typically the sister chromatid, and therefore this pathway is typically
error-free and confined to S and G2 phases of the cell cycle (Chapman
et al., 2012a). However, HR can be subdivided into gene conversion
(GC) and single-stranded annealing (SSA); of these, GC is template-
driven and therefore error-free, while SSA is one of the most
deleterious forms of repair. On the other hand, NHEJ is not based on
homology, and essentially re-joins the DNA broken ends. It can
therefore happen at any stage of the cell cycle but can be error-prone.
NHEJ is divided into two sub-pathways: classical NHEJ (cNHEJ) and
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alternative end joining (altEJ) (Ceccaldi et al., 2016). Despite being
classified as error-prone, cNHEJ has high fidelity. Determining the
repair pathway choice is heavily based on promoting or inhibiting DNA

end resection.

1.7.4.1. Homologous recombination

HR is a process that enables the cell to use the intact sister chromatid
as a template to repair the damaged DNA (Figure1.3.). Based on the
cell cycle stage that the damage occurred and the mechanism of HR,
it is divided into GC and SSA. The GC can progress through two sub-
pathways: synthesis-dependent strand annealing (SDSA) and double-
strand break repair (DSBR), forming double Holliday junction (DHJ)
(Sung and Klein, 2006; Wright et al., 2018). Irrespective of the type of
the HR pathway, the first few steps are common in all. DSBs undergo
5’ to 3’ resection, leaving 3’ overhangs. The resection is mediated by
binding of the MRN complex to the broken ends, followed by CtIP
recruitment and activation, which closely interacts with BRCA1
(Figure1.3.). The actual cutting of the DNA from 5’end is catalysed by
Bloom helicase- Exonuclease1- DNA replication helicase/nuclease 2
(BLM-EXO1-DNA2) helicase activity which unwinds the DNA (Mimitou
and Symington, 2009; Symington, 2014).
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Figure 1.3. Homologous recombination

Homologous Recombination involves end resection of a DSB mediated by MRN complex and
the speed of resection can be modulated by CtIP-BRCA1. The 3’ overhangs will be covered
by RPA, which in turn will be replaced by RAD51 to facilitate the invasion to find a homologous
sequence and use it as a template to synthesise DNA. This replacement is mediated by
BRCA1/BRCA2/PALB2 complex and RAD52/RAD51 paralogues. After homology search and
invasion, the pathway can proceed with two main directions: DSBR and SDSA. The DSBR
involved in DHJ formation and based on one cut or two cuts in HJ flanking sites the result
would be repaired dsDNA with crossover or non-crossover respectively. In SDSA simply the
new DNA strand will be synthetized based on the template and the result would be non-
crossover repaired dsDNA. In one HR pathway, a Holliday junction is formed and resolved,
which can result in a crossover or no-crossover product between the template and the
invading sequence. However, during SDSA (synthesis dependent strand annealing) as the
other pathway, the invading strand dissociates from the homologous template following
synthesis and re-anneals with the other end of the break forming a non-crossover product.

The 3’ overhangs are rapidly recognized as single-stranded DNA and
coated by replication protein A (RPA) which prevents degradation or
the formation of secondary structures (Wold, 1997). HR progression
requires RPA to be replaced by RADS51, facilitated by a complex of
proteins including BRCA1, BRCA2, PALB2, and BRG1 (Figure1.3.)
(Hilario et al., 2009; Lee et al., 2018). Moreover, RAD52 and RADS1
paralogues are mediating the RPA replacement by RAD51 and work
with the BRCA1/BRCA2/PALB2 complex epistatically in this regard
(Qing et al., 2011). The nucleoprotein filament composed of RAD51-
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bound 3’overhang will then start searching for the homologous
sequence. Once the desired homology is found, it is invaded to form a
displacement loop (D-loop) between the 3’ overhang and the invaded
duplex. After strand invasion, RAD54 mediates the RAD51 removal
from the 3’overhangs (Ceballos and Heyer, 2011; Li et al., 2007;
Onaka et al., 2016; San Filippo et al., 2008). The next step is the
extension of the D-loop through DNA replication at the invading 3’
strand by DNA polymerase. This extension will form a crossing DNA
between the invading strand and complementary strand of the
template, termed a Holliday-Junction (HJ) (San Filippo et al., 2008;
Sung and Klein, 2006). The second invasion may happen to the
extended D-loop and form a double Holliday-Junction (D-HJ). The
described form of HR, called DSBR, can potentially result in
chromosomal crossover when one of the D-HJs gets cut, or non-
crossover as the consequence of cutting both D-HJs (Bzymek et al.,
2010; Sarbajna and West, 2014; West et al., 2015).

Another type of HR, SDSA, occurs when the invading 3’ extends but,
instead of being cut at the HJ, the two strands slide over each other in
a process called “branch migration”. Finally, the newly synthetized
DNA will anneal to the other overhang and result in a non-crossover
chromosome (Allers and Lichten, 2001; Matos et al., 2011).

SSA, as the other type of HR, is intrinsically error-prone and occurs
between repeating sequences (Morrical, 2015). Distinct from the GC
pathways, in SSA there is no need to find a homologous sequence, as
the break occurs between two repeated sequences. Therefore, it
requires the post repeated sequences to anneal with the
complementary single strands and cutting of non-hybridised ssDNA by
exonucleases such as RAD1/10. Any mismatches can be repaired by
mismatch repair (MMR) proteins (Li et al., 2013; Mehta and Haber,
2014; Morrical, 2015; Sugawara et al., 1997; W.-L. Toh et al., 2010).
SSA is known to be dependent upon RADS52 replacement with the
RPA coating the single-stranded DNA overhangs (Brouwer et al.,
2017).
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1.7.4.2. Non-homologous end joining

Non-homologous end joining is another type of DSB repair that
happens when 53BP1 inhibits DNA resection at the broken ends
toward its antagonism with BRCA1 (Figure1.4) (Callen et al., 2013;
Chapman et al., 2012a, 2013; Zimmermann et al., 2013). Contrary to
HR, NHEJ has not restricted to the cell cycle stages and its frequency
is higher in G1 to compensate the absence of HR and is in competition
with HR in S and G2 phases (Escribano-Diaz et al., 2013; Mao et al.,
2008).

NHEJ is used for repairing the physiologically induced DSBs in
lymphocytes for immunoglobulin class switch recombination and
V(D)J recombination which are required for diversity in antibody
production. (Li et al., 2011; Park et al., 2012). NHEJ is considered as
an error-prone mechanism for DSB repair; re-joining the broken ends
potentially can result in insertions or deletions in the DNA sequence
(Ceccaldi et al., 2016). However, It has been shown recently that the
precision of the repair and the frequency of error in repair mostly
depends on the type of broken DNA ends, rather than the mechanism
of NHEJ (Bétermier et al., 2014; Rodgers and McVey, 2016).

The DNA-dependent protein kinase (DNA-PK) is the initiator of the
NHEJ pathway. DNA-PK has a regulatory subunit (Ku70/80) and a
catalytic subunit (DNA-PKcs) (Mari et al., 2006; Uematsu et al., 2007).
First, the heterodimer Ku70/80 binds to the DNA broken ends with a
high sequence-independent affinity, then recruits and activates the
catalytic subunit, DNA-PKcs (Figure1.4) (Downs and Jackson, 2004).
DNA-PKcs becomes auto phosphorylated forming a ring shape
complex with the Ku70/80 at DNA ends. DNA-PKcs holds the broken
ends in close proximity to each other to facilitate ligation (Abraham,
2004; Bakkenist and Kastan, 2004; Uematsu et al., 2007).
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Figure 1.4. Non-homologous end joining

Upon the occurrence of DSB, C-NHEJ repair will happen when end resection is inhibited.
There is another alternative DSB end joining pathway occurring after limited end resection in
case of inaccessibility of C-NHEJ mediation factors, called microhomology or Alternative
NHEJ. In C-NHEJ, the KU heterodimer binds to the DNA broken ends first and promotes the
recruitment of DNA-PKcs. Subsequently, the DNA blunt ends will undergo end processing by
factors including Artemis. Finally, XRCC4/XLF and LiglV complete the end joining process,
ligating the broken ends. In Alt-NHEJ the KU heterodimer is replaced by PARP followed by
MRN-CtIP recruitment and the ligation will be mediated by either Ligl/’XRCC1 or Ligll.

In addition to the DNA-PKcs, there are several interventional proteins
in NHEJ that directly or indirectly are recruited and activated by the
Ku70/80 heterodimer, including: X-ray cross-complementing protein 4,
XRCC4 (Costantini et al., 2007; Mari et al., 2006); Ligase IV (Nick
McElhinny et al., 2000); XRCC4-like factor, XLF (Yano et al., 2008);
and Aprataxin-and-PNK-like factor, APLF (Grundy et al., 2012).
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XRCC4 and XLF form a complex and bind to either side of the break,
tethering the DNA ends and facilitating ligation by the ligase IV (Andres
et al., 2012; Malivert et al., 2010; Sibanda et al., 2001). Prior to the
ligation, the DNA ends will undergo processing to remove any blocking
end proteins, any minimal resection that might be required, and filling
any gaps. PNKP, Aprataxin, APLF, Polymerases p and A, Werner
(WRN) and Artemis, are end processing proteins which perform their
role depending on the type and situation of the DSB, which are briefly
described below.

PNKP, a 5'-kinase/3'-phosphatase, creates 5'-phosphate/3'-hydroxyl
termini, as a necessary prerequisite for ligation (Bernstein et al., 2005).
Aprataxin removes adenosine monophosphate when damaged DNA
ligation by DNA Ligase IV is aborted and allows subsequent attempts
at ligation (Ahel et al., 2006). APLF, Aprataxin, and PNK like factor, in
coordination with  PARP3, promotes the LIG4-XRCC4 complex
retention at damaged sites to accelerate DNA ligation (Grundy et al.,
2012). Polymerases p and A resyntheses damaged or missing
nucleotides and also have BRCT domain facilitating their interaction
with DDR proteins such as Ku and DNA ligase IV (Mahajan et al.,
2002). Werner protein unwinds and separates double-stranded DNA
via its helicase activity and removes the damaged nucleotides via its
exonuclease activity (Oshima et al., 2002). Artemis is mostly important
in V(D)J recombination; the loss of Artemis will result in severe
combined immune deficiency (SCID) (Ma et al., 2002; Rooney et al.,
2002).

Alternative NHEJ (alt-NHEJ) is another type of NHEJ which is normally
inhibited by DNA-PK and XRCC4-LiglV (Figure1.4). Whenever C-
NHEJ and HR fail to complete repair, alt-NHEJ is considered as an
alternative DSB repair pathway (Dueva and lliakis, 2013; Perrault et
al., 2004). Alt-NHEJ is a high-risk strategy to repair DSB and is not
favourable due to its low fidelity, frequently resulting in deletions,
insertions, and translocations. (Ma et al., 2002; Pytel et al., 2007;
Simsek and Jasin, 2010). Limited CtIP dependent resection is required
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for initiation of the alt-NHEJ pathway (Bennardo et al., 2008; Wang
and Xu, 2017). Once 5-25 nucleotides of homology have been
revealed, the homologous sequences align, ssDNA is preserved and
ends ligated; this frequently results in mutation through the loss of
genetic information (Mladenov and lliakis, 2011). In this pathway, Poly
ADP-ribose polymerase 1 (PARP1) binds to the broken ends in
competition with Ku70/80 (Mansour et al., 2010). Although the
mechanism of alt-NHEJ is poorly understood, the MRN complex is
involved, while Ligase | and IlII/XRCC1 are used rather than
LIG4/XRCC4 in C-NHEJ (Boboila et al., 2012; Della-Maria et al.,
2011).

1.8. 53BP1 and DNA damage response

53BP1 was first identified as a binding partner of the tumour
suppressor protein p53 (lwabuchi et al., 1994). Thereafter, 53BP1 has
been mostly investigated as an important mediator and regulator of
DSBs repair. 53BP1 is nuclear and a target of ATM (DiTullio et al.,
2002). RAP1-interacting factor 1 (RIF1), is one of the main 53BP1
interacting partners within the chromatin to form the basis for other
DSB signalling and repair proteins (Chapman et al., 2013; Silverman,
2004). Recent super resolution microscopy on 53BP1 localisation
revealed that 53BP1 foci are composed of 4-7 smaller foci termed
53BP1 nanodomain (ND). Together these 53BP1 NDs form a single
microdomain (MD), corresponding to a single 53BP1 IRIF from earlier
work. Interestingly, Ochs et al. also established that RAP1-interacting
factor 1 (RIF1), as one of the main 53BP1 interacting partners, is
essential for stabilising the NDs within a MD. (Ochs et al., 2019).
53BP1-RIF1 in competition with the BRCA1-CtIP inhibits DNA end
resection and NHEJ pathway promotion subsequently (Bouwman et
al., 2010; Bunting et al., 2010; Chapman et al., 2012b; Escribano-Diaz
et al., 2013). The prevention of the broken end resection requires the
Shieldin complex recruitment by 53BP1-RIF1 (Gupta et al., 2018;
Noordermeer et al., 2018).
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1.8.1. 53BP1 protein structure

53BP1 localises to the chromatin surrounding DSBs. To be able to
localise to the damaged sites requires methylation and ubiquitination
events on histones. H2A ubiquitination on lysine 13 or 15 requires the
yH2AX, MDC1, RNF8, and RNF168 pathway (Rogakou et al., 1998;
Stewart et al.,, 2003). 53BP1 contains a ubiquitin dependent
recruitment (UDR) domain that is specific for ubiquitinated lysine 13
and 15 of histones H2A and H2AX (Figure1.5) (Fradet-Turcotte et al.,
2013). In addition, the Tudor domain of 53BP1 is a reader of H4 lysine
20 di-methylation (H4K20me2) (Figure1.7) (Botuyan et al., 2006).
H4K20me2 is a widespread modification of chromatin, whilst
H2A(X)K13/15ub is an induced modification upon DNA damage. A
recent report has also implicated H4K16me1 in 53BP1 recruitment to
chromatin flanking DSBs (Lu et al., 2019).

Furthermore, 53BP1 has an oligomerisation domain (OD), required for
stable binding of 53BP1 sites of DNA damage (Lottersberger et al.,
2013; Zgheib et al., 2009). The UDR maoitif, tandem Tudor domain, and
OD domain, together with the glycine/arginine-rich (GAR) motif form
the central focus forming region (FFR), which is the most investigated
region of the 53BP1 protein (Figure1.5). 53BP1 also has an LCS8
domain within the FFR, interacting with dynein light chain (DYNLL1)
which participate in 53BP1 oligomerisation and recruitment at DSBs
(Becker et al., 2018).

53BP1 has a BRCT domain at the C-terminal which is required to
interact with p53 to target specific genes expression but does not have
any direct effect on 53BP1 localisation at DSB or mediation of repair
(Derbyshire, 2002). Moreover, it is reported that the BRCT domain
interacts with H2AX, but not in line with the localisation at DSBs
(Kleiner et al., 2015). The N-terminal of 53BP1 contains 28 SQ/TQ
phosphorylation sites (Figure1.6). Having these phosphorylation sites
enable 53BP1 to be phosphorylated by ATM and ATR, which
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subsequently will result in the recruitment of the downstream effectors
(Denchi and de Lange, 2007; Mirman and de Lange, 2020).

In G1 cells, there are some nuclear compartments which consist of
unreplicated DNA due to replication stress and marked by 53BP1.
They are called nuclear bodies and It is believed that they are a
safekeeping core for the fragile DNAs (Lukas et al., 2011).

3’ overhang DSB
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] R D N e e ] P
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Figure 1.5. Schematic of structure and function of 53BP1

The central region is known as the focus forming region (FFR) is required for 53BP1
recruitment to the DSBs which includes dynein light chain binding domain (LCS8),
oligomerisation domain (OD), glycine—arginine-rich motif (GAR), a tandem Tudor domain and,
ubiquitin-dependent recognition motif (UDR). 53BP1 reads the common histone modification,

H4K20me2, via the Tudor domain. The UDR motif recognises the DSB induced histone

modification, H2AK15ub. The orange demonstrated pathway indicates the phosphorylation
events from DSB formation to H2AK15 ubiquitination. At N-terminal, there are 28 S/TQ
phosphorylation sites critical in PTIP and RIF/Shieldin/CST interaction. Moreover, there is a
currently unknown X motif at N-terminal proposed to be involved in DSB mobility promotion
by 53BP1. The BRCT domain at the C-terminal mediates DNA damage unrelated to 53BP1
interaction with P53 and yH2AX. [Figure adapted from (Mirman and de Lange, 2020)].
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1.8.2. 53BP1 functions

1.8.2.1. DNA repair pathway choice

Once DSBs have occurred, the choice of repair pathway will be
directed by mutual antagonism between the two mediators, 53BP1
and BRCA1 (Chapman et al., 2012a). The two main pathways are HR
and NHEJ, the first of which requires DNA end resection. Interestingly,
in BRCA1 deficient cancers, the malignant cells become
hypersensitive to PARP inhibitors, while the subsequent loss of 53BP1
rescues this PARPI sensitivity due to loss of Shieldin recruitment and
resumption of DSB resection (Figure 1.6.) (Dev et al., 2018; Gupta et
al., 2018; Wright et al., 2018).

The Shieldin complex, a 53BP1 downstream effector, consists of
SHLD1, SHLD2, SHLD3, and Rev7, and localises to DSBs in a 53BP1-
RIF1 dependent manner (Gupta et al., 2018; Mirman et al., 2018;
Noordermeer et al., 2018). There are two models to describe how
53BP1 limits the resection at DSBs (Barazas et al., 2018; Dev et al.,
2018; Findlay et al., 2018; Gao et al., 2018; Noordermeer et al., 2018).
First, 53BP1 loads the Shieldin complex as an obstacle at ssDNA 5’
end, preventing the nucleolytic attack. Second, the Shieldin inhibits
EXO1 exonuclease activity by covering the ssDNA in the same way
that RPA does (Nicolette et al., 2010; Soniat et al., 2019; Yang et al.,
2012). Moreover, DNA2-WRN/BLM won’'t be activated upon
substitution of Shieldin with RPA (Nimonkar et al., 2011; Sturzenegger
et al., 2014).
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Figure 1.6. Damaged DNA end resection prevention by 53BP1 via Shieldin
complex recruitment.

Downstream of 53BP1 activation via H4K20me2 and H2AK15/13ub, RIF1 is recruited to the
DSB and activates SHLD3-Rev7 from the Shieldin complex. The Shieldin complex bind to the
ssDNA to inhibit DNA end resection through its SHLD2-SHLD1 components.

1.8.2.2. V(D)J and class switch recombination

V(D)J recombination and antibody heavy chain class switch
recombination (CSR) result from physiologically induced DSBs in
lymphocytes that are essential for antibody diversity and an efficient
immune system (Manis et al., 2004; Methot and Di Noia, 2017; Ward
et al., 2004). These DSBs induction will occur at the immunoglobulin
loci and are repaired by cNHEJ. 53BP1 is critical for CSR, a subset of
V(D)J recombination resulting from long range DSBs. During V(D)J
recombination, DSBs that are proximally located are not particularly
53BP1-dependent for their repair. (Callen et al., 2013; Difilippantonio
et al., 2008; Mirman and de Lange, 2020).

Recombination-activating gene 1 and 2 (RAG1/2) proteins are
responsible for DSB induction in V(D)J recombination; while
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activation-induced cytidine deaminase (AID) activity is required for
DSB formation during CSR (Chen, 2000; Jones and Gellert, 2004;
Petersen et al., 2001). The repair pathway is classic NHEJ involving
Ku70/80, DNA-PK, Artemis, XRCC4, and Lig4 as the classical
members of the NHEJ (Costantini et al., 2007; Spagnolo et al., 2006;
Yano et al., 2008)

While the presence of 53BP1 for most V(D)J recombination event is
negligible, it has a critical role in CSR (Manis et al., 2004; Ward et al.,
2004). There are two main characteristics of 53BP1 that make it critical
for CSR. First, nucleic acid oligomerisation at the breaks to keep the
broken ends at proximity as they are originally distantly located
(Becker et al., 2018; Zimmermann et al., 2013). The second 53BP1
property is the recruitment of the RIF1/ Shieldin/ CST (Ctc1, Stn1,
Ten1) complex at the breaks to prevent the end resection. The CSR
products formed in absence of one or more of the RIF1/ Shieldin/ CST
shows extensive resection (Barazas et al., 2018; Chapman et al.,
2013; Gupta et al., 2018; Mirman and de Lange, 2020; Mirman et al.,
2018)

1.8.2.3. Maintenance of de-protected telomeres

53BP1 as a major regulator of NHEJ is also shown to be required for
the fusion of telomeres if they become de-protected (Dimitrova et al.,
2008). Telomeres are protected by a complex called shelterin,
analogous to Shieldin complex recruitment to DSBs. Shelterin is
composed of six subunits: TRF1 (telomere repeat-binding factor 1),
TRF2, POT1, RAP1, TIN2 (TRF1-interaction factor 2), and TPP1
(Figure1.7.) (de Lange, 2018; Lazzerini-Denchi and Sfeir, 2016). The
main role of the shelterin complex is to ensure that chromosome ends
are not recognized and processed as DSBs. TRF2 mediates the
formation of a T-loop at the end of chromosomes reshaping the 3’
overhang fold over the dsDNA and making it inaccessible to DDR
signalling proteins, ATM/MRN, and telomerase (Figure1.7.)
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(Dimitrova and de Lange, 2009; Doksani et al., 2013; Griffith et al.,
1999). In the absence of TRF2, following ATM activation, the
telomeres will join together through the classical NHEJ pathway
involving Ku70/80- Lig4 (Celli et al., 2006; Denchi and de Lange, 2007;
Smogorzewska et al., 2002). Depletion of 53BP1 in TRF2' cells
considerably decreases the rate of telomere fusion (Dimitrova et al.,
2008), presumably due to three independent 53BP1 mechanisms.
First, 53BP1 is shown to be a stimulator of chromatin mobility,
essential for dysfunctional telomeres to find each other within the
nucleoplasm and to fuse together (Lottersberger et al., 2015). Second,
its ability to oligomerise at DSBs, promoting telomere clustering.
Finally, the recruitment of RIF1/ Shelterin/CST complex at the breaks
minimises the telomeric overhang (Celli and de Lange, 2005; Deng et
al., 2009; Lottersberger et al., 2013)

1.9. De-protected telomeres as a type of DSB

The word telomere is Greek originated “telos” (end) and “meros” (part).
The telomeres are defined by an array of TTAGGG sequence repeats
at the end of chromosomes and were identified for the first time in 1938
by Hermann J. Muller (Muller, 1938). In 1941 telomeres were further
characterised by Barbara McClintock’s regarding its special role in
chromosomal end protection from repair machinery (Chu and Autexier,
2016; McClintock, 1941).

Telomeres’ structure includes a G-rich ssDNA at the end of the
chromosome which circles back on the preceding dsDNA, stabilised
with the shelterin complex (Figure1.7.). Among the six shelterin
components, TRF2 plays a key role in forming the T-loop through
anchoring the telomeric ssDNA to the rearward dsDNA (Bilaud et al.,
1997; Hartmann and Scherthan, 2005). The binding of the shelterin
complex to the telomeres requires a minimal ssDNA overhang of a few
hundred nucleotides. Therefore, telomeres with shorter ssDNA
overhangs will not be able to recruit shelterin, and instead lead to the
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aberrant recruitment of DDR proteins, (ATM/ATR/MRN) resulting in
fusion, genomic instability, senescence or apoptosis (Greenberg et al.,
1999; Perera et al., 2008).

\E d t.
C-NHEJ ATR naresection
HR alt-NHEJ

Figure 1.7. Composition of the shelterin complex at the telomere.

TRF1, TRF2, TIN2, RAP1, TPP1, and POT1 (protection of telomere 1; POT1A and POT1B in
mice) are six-subunits of shelterin complex protecting chromosome ends from DNA damage
signalling by ATM and ATR and subsequent DNA repair by c-NHEJ, alt-NHEJ, HR, and DNA
end resection. [Figure adapted from (Lazzerini-Denchi and Sfeir, 2016)]

Inhibition or depletion of TRF2 will induce ATM activation, which in turn
phosphorylates CHK2 and p53 (Denchi and de Lange, 2007;
Karlseder et al., 2004). The sequential activation of the DDR signalling
pathway will lead to form Telomere Dysfunction-Induced Foci (TIFs)
sites for focal accumulation of 53BP1 and yH2AX at de-protected
telomeres (Takai et al., 2003). There are two suggested mechanisms
for the inhibition of ATM by TRF2. First, TRF2 dependent T-loop
formation makes the telomeres inaccessible for binding by the MRN
complex, an essential prerequisite for ATM activation (Amiard et al.,
2007; Griffith et al., 1999). The other level of protection is thatTRF2
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suppresses the activity of ATM and its downstream effectors’ kinases
activity (Karlseder et al., 2004). Recruitment of 53BP1, one of the main
ATM effectors, will be prevented by TRF2 dependent RNF168 E3
ubiquitin ligase deactivation. This enzymatic inactivation is critical in
telomeric protection in the S phase when DNA unwinds at the
replication fork (Okamoto et al., 2013).

The de-protected telomeres mostly join through c-NHEJ in G1 before
the replication, resulting in chromosome end fusion and dicentric or
multicentric chromosomes, a detrimental type of fusion. Less frequent
chromatid fusions are also observed, indicating the fusion occurred
after replication (Maciejowski et al., 2015; Mirman and de Lange,
2020).

Although telomere fusion is mediated mainly by c-NHEJ, it is possible
for the de-protected telomeres to join each other through HR. This
might be less harmful but has the potential to change the length of
telomeres. HR dependent telomere fusion takes place in three ways
including telomere sister chromatid exchange (T-SCE) (Pierce, 2001),
T-loop homologous recombination, in which the excision will occur
within the telomere sequence (Wang et al., 2004), and those of
recombination leading to alternative lengthening of telomeres (ALT)
(Bryan et al., 1997).

Extensive investigation of the mechanisms by which telomeres are
protected against telomeric uncapping and aberrant DNA repair
provided a good model for dissecting the DDR signalling and DSB
repair. Furthermore, understanding telomere structure and function
has led to a better understanding of how telomere dysfunction and

fusion can lead to cancer. (Lazzerini-Denchi and Sfeir, 2016).

1.10. Kinesin super family

Kinesin-1, an intracellular motor protein, was discovered as the first
member of the kinesin superfamily 35 years ago through an
investigation of the giant axon of squid (Brady et al., 1982; VALE et
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al., 1985). Since then the number of identified kinesins has increased
to more than 50 types (44 types occur in human), that have been
subdivided into 14 families, forming the kinesin superfamily (Kim and
Endow, 2000; Miki et al., 2005). Generally, kinesins consist of three
main structural components: the motor domain, the coiled-coil (or stalk
domain), and the tail. They all share the highly conserved motor
domain containing binding sites for either ATP or microtubules that
classifies them as kinesins (Endow et al., 2010; Miki et al., 2005).
Based on the position of the motor domain at N-terminal, C-terminal,
or middle of the protein, kinesins are categorised into three groups; N,
C, and M, respectively (Lawrence et al., 2004).

The ahelical stalk domain is critical for dimerization of the protein and
regulation of motor activity. The tail is where kinesins bind their cargos
such as vesicles or mRNA-protein complex (Miki et al., 2005).

There are two other types of molecular motor proteins: dynein and
myosin. Myosin uses actin filaments as the path for movement. Dynein
moves along the same filaments as kinesin does (microtubules),
typically in the opposite direction. Dynein moves toward the
depolymerizing microtubule end, termed minus end, while most
kinesins move in the plus end direction towards where microtubules
are being polymerised (Hirokawa, 1998; Vale, 2003). Only kinesin-14
family members move toward the microtubule minus end (McDonald
et al., 1990; Walker et al., 1990). The motor domain is the catalytic
core of kinesins and hydrolyses the ATP to produce the force required
for movement along microtubules. The direction preference of the
motor domain is managed by the linking region between stalk and
motor head, termed “neck”. Deletion of the sequence encoding neck
in kinesins and dynein will result in losing directionality (Endow and
Higuchi, 2000).

The most extensively studied kinesins are kinesin-1, kinesin-13 and
kinesin-14. These three kinesins are structurally and functionally
different so that the kinesin-1 is extremely processive and able to move
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more than 800 nm in each motor and microtubule-binding event
(Howard et al., 1989; Svoboda and Block, 1994 ). Contrarily, kinesin 14
is non-processive, so that in each ATP hydrolysis, the stalk only
rotates toward the microtubules minus end (deCastro et al., 2000;
Endow and Higuchi, 2000).

Kinesin 13 (MCAK, mitotic centromere associated kinesin; also known
as KIF2C) differs from other kinesins as it lacks the stalk domain but
surprisingly still exists as a dimer. Kinesin-13 does not move
directionally and binds both microtubules plus and minus ends where
it removes tubulin dimers and regulates microtubule dynamics (Hunter
et al., 2003). Kinesin-8 family members are also plus end directed
where they depolymerise microtubules in a length dependent manner
(Gupta et al., 2006).

Kinesins are critical players in cell division, required for functional
spindles, centrosome separation, and kinetochore fibre length
maintenance in order to the bipolar separation of chromosomes
(Endow et al., 2010). Some kinesins generate sliding force in the
midzone of anaphase cells such as kinesin-5 (Eg5) and kinesin-6
(MKLP1) (Kapitein et al., 2005). The Budding yeast kinesin-8, Kip3,
and human kinesin-8, KIF18A, are coordinated with MCAK, and
participate in microtubules depolymerising at plus ends (Cottingham
and Hoyt, 1997; Mayr et al., 2007).

1.10.1. Kinesin KIF18B

KIF18B, the focus of this study, belongs to the kinesin N-8 family
(group 8 of the N-kinesins). As its name implies, the conserved motor
domain is located at the N-terminal and has ATP binding pocket to
produce the required force to walk along microtubules towards their
plus end. The coiled-coil, stalk domain at the middle, helps KIF18B
dimerization and facilitates the movement of this protein along the

microtubules. At the C-terminal, it has multiple protein interacting
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motifs including EB1, MCAK, and cargo binding domains (Locke et al.,
2017; Varga et al., 2009)

Based on the most updated database in Ensembl 100 (2020 release)
KIF18B has 150 orthologous which spans from Coelacanth fish, as the
earliest species in its gene tree (Figure 1.8.).
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Figure 1.8. KIF18B gene tree

The gene tree is constructed in Ensemble version 100 released in 2020 based on the

orthology/paralogy prediction method. The tree shows the KIF18B orthologues and their

branching from a common ancestor. The conserved regions among the paralogues are also

manifested in the alignment section on right.
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KIF18B also has 41 paralogues as listed in Table1.1. which also
highlighted in the phylogenetic tree generated through multiple
alignments of the kinesin superfamily members using Clustal Omega
online software (Figure 1.9.) KIF18B paralogues include most of the
kinesin superfamily except the KIF16A and KIF20B. KIF18A, as the
closest paralogues to KIF18B, branched from the same node. KIF19
and KIF22 stand at the next level of homology to KIF18B, respectively
(Figure 1.9.).

The KIF2 family is also in close homology with KIF18B, which can be
explained by the close cooperation of KIF2C (MCAK) and KIF18B in
astral microtubule length maintenance (Tanenbaum et al., 2011).
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KIF18B Target Query KIF18B Target Query
(human) %ID %ID (human) %ID %ID
KIF18A 32.85 34.62 KIF20A 15.96 16.67
KIF25 29.43 13.26 KIFC3 15.68 15.61
KIF3A 24.52 20.89 KIF23 15.21 17.14
KIF3B 23.56 20.66 KIF4A 15.02 21.71
KIF22 23.01 17.96 KIF4B 14.99 21.71
KIF3C 20.93 19.48 KIF16B 14.30 23.36
KIF12 20.66 12.44 KIF7 14.00 22.07
KIF19 19.94 23.36 KIF15 13.54 22.07
KIF2A 19.35 16.90 KIF27 13.20 21.71
KIF2B 19.17 15.14 KIF13A 12.02 2547
KIF2C 19.17 16.31 KIF24 11.84 19.01
KIF9 17.85 16.55 KIF21B 11.79 22.65
KIF6 17.69 16.90 KIF1A 11.50 2418
KIF5C 17.35 19.48 KIF1B 11.47 23.83
KIF5B 17.34 19.60 KIF21A 11.23 22.07
KIFC1 17.24 19.62 KIF13B 11.17 23.94
KIF17 16.42 19.84 KIF14 10.25 19.84
KIF11 16.38 20.31 KIF26A 8.40 18.54
KIF1C 16.23 21.01 KIF26B 7.35 18.19
KIF5A 16.18 19.60 |KIF10(CENP 6.18 19.60
KIFC2 16.11 15.85

Table 1.1. KIF18B paralogues

A total of 41 paralogues are identified for KIF18B (human) according to the most updated
database on Ensembl version100. The target % ID column represents the amino acids identity
percentage of the paralogue sequence matching KIF18B. The query % ID column represents
the percentage of KIF18B amino acid sequence matching with the paralogue.
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Figure 1.9. Kinesin super family phylogenetic tree in human

This tree is generated based on the multiple alignment of all 44 identified kinesin superfamily
members. The KIF18B paralogues are highlighted and composed of 41 kinesin protein. The
0.1 scale bar indicates 10% genetic variation between the kinesin superfamily members.

KIF18B is predominantly nuclear in interphase thanks to an NLS
sequence at the C-terminal. In total, three NLS sequences are found

in the KIF18B coding gene. However, only one of the NLS sequences

is shown to be responsible for sequestering KIF18B into the nucleus
through the nucleopores (Lee et al., 2010), which is depicted in red in

Figure 1.10.
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Figure 1.10. KIF18B protein structure schematic

The motor domain in KIF18B is located at the N-terminal, categorising this protein as an N-
kinesin. The coiled-coil domain lets the protein dimerization. One NLS signal out of three is
indicated in the schematic which is important in sequestering KIF18B to the nucleus in

interphase. KIF18B has three EB1 and one MCAK binding domains at the C-terminal enabling
this protein to localise at the microtubule plus ends and depolymerise them.

While KIF18B is mainly localised in the nucleus and to a lesser extent
in the cytoplasm in interphase, it displayed concentration at the plus
end of astral microtubules in mitosis (Tanenbaum et al.,, 2011,
Walczak et al., 2016). Astral microtubules extending from
centrosomes play an important role in spindle orientation and
consequently chromosome segregation. Kinesin-8 family regulates
microtubule dynamics by depolymerizing or capping the plus ends, a
function performed in association with kinesin-13, MCAK (Manning et
al., 2007; Varga et al., 2009). EB1, a well-characterized microtubule
end-binding protein, is required for maintaining the microtubule plus
ends. EB1 localises to the astral microtubule plus ends and interacts
with KIF18B (Stout et al., 2011; Tirnauer and Bierer, 2000; Vitre et al.,
2008). KIF18B localisation at the astral microtubule plus ends was
shown to be EB1 dependent so that EB1 deletion, can result in
misorientation of the mitotic spindle (McHugh et al., 2018; Shin et al.,
2015; Stout et al., 2011). Accordingly, KIF18B uses its motor domain
to walk along microtubules with a speed of 635 + 163 nm/s and upon
reaching the microtubule plus ends, where EB1 is localised, interacts
with the EB1 via its c-terminal EB1-binding-domain to regulate astral
microtubule length in assistance with microtubule depolymeriser,
MCAK (Tanenbaum et al., 2011, 2014, Stout et al., 2011).
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Regulation of MCAK-KIF18B microtubule destabilizing activity is
regulated by Aurora A and B kinases dependent MCAK
phosphorylation (Tanenbaum et al., 2011).

Bioinformatics studies have implicated KIF18B in carcinogenesis (ltzel
et al., 2015; Jalali et al., 2015; Yang et al., 2020). The dynamics of
microtubules is important to proper chromosome segregation and any
malfunction in mitosis makes the cell prone to cancer. Therefore, the
role of KIF18B in spindle orientation could be the underlying reason
for KIF18B’s association with breast, ovarian, kidney, liver, and lung
cancers. Alternatively, KIF18B might have a role in cancer due to
unknown roles in the nucleus during interphase. For instance, KIF4A
is another nuclear kinesin, reported to be involved in DNA damage
repair, interacting with BRCA2-RADS1 (Wu et al.,, 2008). KIF4A
interacts with BRCAZ2 via its C-terminal tail and is impaired in HR repair
pathway so that KIF4A deletion reduced RAD51 activation and
increased cells IR sensitivity. Moreover, using laser micro-irradiation,
immediate recruitment of KIF4A to DSBs was shown (Wu et al., 2008).

1.11. Movement of DSB

The nucleus can be considered as the information centre of the cell. It
carries almost all the genome, except the mitochondria, and has a
large, complex proteome. Chromatin maintenance in such a busy
compact space requires mobility to allow all the genome metabolic
processes, such as transcription, replication, segregation, and repair.
DNA damage response also requires DSBs clustering, homology
search, heterochromatin relocation and anchoring to subnuclear
structures, and more highly dynamic processes (Marnef and Legube,
2017).

Recent studies on genome organization and transcription in
interphase cells, which were performed in yeast, revealed a chaperon-
dependent mobility induction of a gene promoter, based on the nuclear
actin network. The promoter movement is mediated by Hsp90
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dependent nucleation of myosin, and the interaction of myosin and
nuclear actin network is mediated by ARP-containing chromatin
remodelers (Soutoglou and Misteli, 2007; Wang et al., 2020).

Following DSB, H2AX is phosphorylated by ATM, triggering the DDR
cascade. Considering the expansion of yH2AX flanking the DSB
spreads about 1-2 Mb in mammals and 200-300 kb in yeast, yet
phosphorylated ATM is localised to just 2-10 kb flanking the DSB, intra
TAD (topologically associated domains, physically interacting regions
of chromatin) chromatin movement likely explains the spread of H2AX
phosphorylation (Aymard and Legube, 2016; Caron et al., 2015;
Clouaire and Legube, 2019; Dekker and Mirny, 2016; lacovoni et al.,
2010; Lee et al., 2014; Lukas et al., 1997) In this model, intra-TAD
movement around the ATM marked breaks facilitate all the H2AX
phosphorylation within a TAD (Marnef and Legube, 2017; Savic et al.,
2009).

Initial access of damaged DNA to DDR proteins involves the
coordinated activity of PARP1, ATM, and yH2AX to relax chromatin
structure and re-condensation (Downs et al., 2000; Strickfaden et al.,
2016). This transition between condensation and de-condensation
termed ‘chromatin breathing’ will result in DSBs movement (Rother et
al., 2020). There are a couple of factors influencing the range of
movement from no movement to limited or long-range movement. The
damaging agent is one of the factors, as etoposide will induce more
movement rather than gamma irradiation (Krawczyk et al., 2012). Also,
a DSB within a telomeric area is more prone to movement in
comparison to the central area within the chromosome (Cho et al.,
2014). Furthermore, it has been shown that DSBs within active genes
stimulate more movement versus DSBs in non-coding DNA (Gandhi
et al., 2012; Soutoglou and Misteli, 2007). Finally, the scale of DSB
movement depends on the chosen pathway for repair (Dion et al.,
2012).

Another type of DSB movement is DSB clustering, evident by one
RADS2 focus formation at two DSBs in yeast (Lisby et al., 2003). While
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clustering would promote quicker recruitment of DDR proteins to DSB,
it also leads the damaged foci to be isolated from the rest of chromatin
(van Sluis and McStay, 2015; Tsouroula et al., 2016). The DSB
clustering must be tightly controlled otherwise one possible
detrimental outcome could be chromosome translocation (Roukos et
al., 2013).

Heterochromatic DSBs are mostly repaired by HR. Persistent or
unrepairable DSBs within the heterochromatin after irradiation moves
toward the nuclear periphery, perhaps to be in a safe position and far
from repetitive copies of breaks ends resulting in aberrant DNA repair
(Chiolo et al., 2011). Another hypothesis explaining unrepairable
DSBs movement is interaction with subnuclear compartments such as
the LINC complex, which transmits the message from nucleus to
cytoplasm to mediate apoptotic morphological changes (Starr and
Fridolfsson, 2010). The LINC is a protein complex linking
nucleoskeleton and cytoskeleton and is implicated in various cell
activities by providing internal cell connectivity (Crisp et al., 2006).

Chromosome translocations and subsequently unusual chromosome
rearrangement is a hallmark of cancer and in particular, leukemia. The
movement of DSBs within the nucleus is described as the mechanism
of chromosome translocation formation through spatial and dynamic
investigations. Roukos Vasiliss and colleagues studied the
spatiotemporal movement of fluorescently tagged chromosomes after
induction of DSBs. They observed movement of distally located breaks
as well as breaks in proximity and reported these movements as a
salutatory movement which is statistically different from Brownian
movement and needs a kind of force through fibres (Roukos et al.,
2013).

Whether the movement of DSBs is through diffusion in the nucleus or

directional is a source of conflict in the field. Chromatin changes at the

breaks, leading to relaxation and roaming in higher volume in the

nucleus supports the DSB diffusion hypothesis (Zhang and Heermann,

2014). The detachment of chromatin from anchoring components and
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freedom in movement within the nucleus, as the consequence of
break, is also consistent with the hypothesis of movement of DSB
through diffusion (Strecker et al., 2016).

Regarding the directional movement of DSB, movement of sub
telomeric DNA has been reported by Cho. N.W. and colleagues and
suggested allowing long range RADS1 dependent directional
movement of damaged telomeres in order to search for homology
(Cho et al., 2014). Actin filament polymerization in the nucleus upon
DNA damage is another provoking hint requiring more investigation on
the possibility of the directed movement of DSB within the nucleus
(Belin et al., 2015). Impairment of DNA repair after treatment with
microtubule destabilising agents, plus involvement of few kinesins in
DDR, are also some indications of microtubules involvement in DSB
movement in the nucleus (Chung et al., 2015; Poruchynsky et al.,
2015; Wu et al., 2008)

1.12. Aims and objectives

KIF18B was previously identified as a novel interacting partner for
53BP1 and the domains of each protein required for this interaction
have been mapped. In this study, we aimed to further investigate
KIF18B localisation and expression throughout the cell cycle.

We also aimed to explore the role of KIF18B in the DNA damage
response in relation to 53BP1.

Furthermore, we carried out a structure-function investigation to
elucidate the mechanism of KIF18B involvement in DDR if it shows

any role.

43



Chapter 2

Chapter 2: KIF18B subcellular localisation
and expression during cell cycle

44



Chapter 2
2.1. Summary

We show that KIF18B is mainly nuclear during interphase and appears
as nuclear spots in immunofluorescent staining with regions of more
intense staining that co-localise with regions of brighter DAPI staining
suggestive of co-localisation with heterochromatin. Our data also
support KIF18B localisation at astral microtubules, in accordance with
previous studies. In addition, we report KIF18B localisation during
cytokinesis to the midbody and primary abscission cut site. The
presented data are suggesting that its localisation at the midbody is
regulated by Aurora B, DNA-PK, and ATM kinase activity. Cytokinetic
profiling upon KIF18B depletion suggests a probable role for KIF18B
in the regulation of abscission timing, serving as a checkpoint regulator
in cell cycle regulation. This novel role requires further investigation to

elucidate its mechanism of action.
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2.2. Introduction

Several cellular functions have been identified for kinesins. Vesicle
and organelle transport are amongst their important roles. Neuronal
vesicles containing neurotransmitters require to be delivered to the
presynaptic region for efficient signal transmission. The vesicle
transporter involved in this process is Kinesin-1 (Hurd and Saxton,
1996; Saxton et al., 1991). Kinesin-2 is required for flagella and cilia
maintenance for precursor transportation for cilia assembly
(Rosenbaum and Witman, 2002).

Kinesins are also involved in mitosis and meiosis. The kinesin-5 family
member, Eg5 and kinesin-6, MKLP, are involved in cell division
through generating sliding forces in the midzone of late anaphase and
cytokinetic cells (Shimamoto et al., 2015; Zhu et al., 2005). CENPE is
a kinesin-7 family member and together with kinesin4 is involved in
chromosome and microtubule interaction during chromosome
segregation (Mazumdar et al., 2004; She et al., 2020). Kinesins also
play an essential role in microtubule dynamics. MCAK, a Kinesin-13,
as well as KIF18A and KIF18B, are kinesin-8 family members which
reported to be involved in microtubule dynamics through
depolymerisation of microtubules (Goshima et al., 2005; Tanenbaum
et al., 2011). The budding yeast kinesin-8, KIP3, is also a microtubule
depolymerising kinesin (Gupta et al., 2006). On the other hand, Ncd,
a kinesin-14, maintains microtubule length by stabilising them (Endow
et al., 2010; Wordeman, 2010).

The distinct roles for the kinesins are related to their subcellular
localisation and also their expression pattern, which can be either
steady or cell-cycle regulated expression.

The cell-cycle regulated genes have a peak in expression in either
G1/S or G2/M phase. While E2F/DP1 regulates G1/S transcription,
FOXM1 is generally proposed as the main transcription factor for G2/M
expressing genes (Grant et al., 2013; Liu et al., 2017).
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We carried out a microscopic analysis of immunofluorescent stained
cells to broaden our understanding of the KIF18B subcellular
localisation in each cell cycle stage. KIF18B has a nuclear localisation
in interphase and from prophase to anaphase localises to the plus end
of astral microtubules, underlying its defined role in astral microtubule
dynamics (Tanenbaum et al., 2011). However, the role if any, of
nuclearly localised KIF18B during interphase is unknown.
Interestingly, we noticed KIF18B localisation at the midbody in
cytokinesis which could define a new role for KIF18B in cytokinesis.

Cell cycle analysis revealed a distinct pattern of regulation for KIF18B.
Its expression steadily increases from low levels in early G1 to its
highest level in late G2/early mitosis.
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2.3. Materials and Methods

2.3.1. Cell Culture

Cells were cultured at 37°C in a humidified atmosphere of 5% COs..
U20S, Hela, and HEK293T were cultured using DMEM
supplemented with 10% FBS (Biosciences). hTERT immortalized
RPE-1 cells were cultured in DMEM-F12 media supplemented with
10% FBS. All cell lines were cultured in 1% penicillin-streptomycin
(Biosciences).

2.3.2. Drug treatments

For fixed cell immunofluorescence experiments, cells were treated
with inhibitors (Table 2.3.) and harvested after 3 h except for the
Aurora B and CHK1 inhibitor experiments where cells were treated for
45- 60 mins. They were all used at the 10 uM concentration.

2.3.3. Protein Extraction

Protein extracts were prepared by lysing cells in lysis buffer (50mM
Tris-HCI, 0.5% NP40, 150mM NaCl, 10% glycerol, 1mM MgCla,
protease and phosphatase inhibitors) and a 1:1000 dilution of
Benzonase nuclease (Sigma Aldrich) for 45 min at 4°C. Samples were
centrifuged for 20 min at 14,000 rpm at 4°C, the supernatant was used
for downstream applications. The protein concentrations were

measured using Bradford reagent.

2.3.4. Western Blotting

The concentration of proteins was adjusted to be the same and diluted
with 4X sample buffer (2.0 ml 1M Tris-HCI pH 6.8, 0.8 g SDS, 4.0 ml
100% glycerol, 0.4 ml 14.7 M 3-mercaptoethanol, 1.0 ml 0.5 M EDTA,
8 mg bromophenol Blue). The separation of proteins carried out on
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
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PAGE). Proteins were transferred to a nitrocellulose membrane using
0.35 mA for 1h at 4°C. Membranes were blocked in 5% milk-TBST for
20 min at RT. The conditions for probing with the primary and
secondary antibodies are mentioned in Table 2.1. Following overnight
probing for the primary Ab, membranes were washed 3 times with
TBST and incubated with the relevant secondary antibody for 60 min
at RT.

Table 2.1. List of antibodies and conditions used for Western blotting

Antibody |Dilution [Blocking |Species Manufacturer |Catalogue

Number

Primary antibodies

KIF18B 1:1000 |5% milk |Rabbit |Sigma Aldrich HPA024205

Actin 1:5000 |5% milk |Rabbit |Sigma Aldrich  |A2066
ATR 1:1000 |5% milk |Goat Santa Cruz Sc1887
Nup15.3 1:1000 |5% milk |Rabbit |Bethyl A301-788A
H3S10p 1:1000 |5% milk |Rabbit |Millipore 06-570

CyclinB1  |1:1000 |5%milk  |Rabbit [Cell Signalling |4138S

H3 1:80000 |5%milk  |Rabbit |Abcam Ab1791

Secondary antibodies

Goat Anti- |1:5000 5%milk Goat Thermoscientific [{31460

Rabbit IgG

Anti-mouse [1:5000 5%milk Rabbit |Thermoscientific {31450

IgG
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2.3.5. Immunofluorescence staining

Coverslips sterilized under UV for 20 min before seeding cells. 2.5x10°
to 1.5x10° (depending on the purpose of the experiment) cells were
grown on a sterile coverslip. 24 to 48 h following the seeding,
coverslips were briefly washed twice with PBS. Cells were fixed in 4%
PFA for 10 min at RT, or in ice-cold methanol for 20 min at -20°C
depending on the antibody staining required. Coverslips were then
washed three times in PBS and permeabilised with 0.25% Triton X-
100 for 5-10 min. The cells were again washed in PBS three times
before blocking in 5 % BSA for 1h at RT or overnight in 4°C and
followed by 1h at RT. The primary and secondary antibody staining
conditions are mentioned in Table 2.2. Cells were stained 1h at 37°C
in a humidified chamber with primary and secondary antibodies, with
three PBS washes after each incubation. Slides were mounted using
vectashield media with DAPI. Images were captured on a Deltavision
integrated microscope system mounted on an IX71 Olympus
microscope and using Softworx software. 0.2-0.5 ym Z-stacks were
collected, deconvolved, projected, and merged. Microscopy analysis

performed using ImagedJ 1.52n software.

If cytoskeletal pre-extraction is needed, cells were treated with CSK
buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCI2, 10 mM PIPES
(pH 6.8), 0.2% Triton X-100) for 10 min at RT prior to PFA fixation.
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Table 2.2. List of antibodies and conditions used for Immunofluorescence

staining
Catalogue
Antibody | Dilution | Blocking | Species | Manufacturer
Number
Primary antibodies
Non-
53BP1 1:500 | 5% BSA | Mouse Thanos _
commercial
KIF18B 1:200 | 5% BSA | Rabbit | Sigma Aldrich | HPA024205
aTubulin- )
1:200 5% BSA | Mouse | Sigma Aldrich T5168
B512
Lap2p 1:200 | 5% BSA | Mouse | BD Biosciences 611000
Aurora B 1:200 5% BSA | Mouse | BD Biosciences 611082
EB1 1:200 | 5% BSA | Rabbit Bethyl A302-332A
ZFYVE19 _
1:500 | 5% BSA | Rabbit Bethyl A301-808A
(Anchr)
Secondary Antibodies
FITC anti- Jackson
1:200 | 5% BSA | Goat 115-096-062
mouse IgG Immunoresearch
FITC anti- Jackson
_ 1:200 | 5% BSA | Goat 111-096-045
rabbit IgG Immunoresearch
TRITC anti- Jackson
1:200 | 5% BSA | Donkey 711-025-152
mouse IgG Immunoresearch
TRITC anti- Jackson
_ 1:200 | 5% BSA | Donkey 711-025-151
rabbit IgG Immunoresearch
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2.3.6. siRNA Transfection

1.5x10° RPE1 cells were seeded in 35 mm dishes and transfected with
40 pmol of negative control siRNA (Dharmacon) or siRNA targeting
Luciferase (Eurofins) as control, and targeting siRNA (Ambion,
Dharmacon or Eurofins) using Oligofectamine (Invitrogen) according
to manufacturer’s instructions. Cells were harvested 48 h following the
siRNA transfection. Biological triplicates were used for each siRNA
treatment. siRNA sequences are listed in Table 2.3.

Table 2.3. RNAi targeting sequences, inhibitors, and drugs

Target gene siRNA sequence Manufacturer
KIF18B GGUGUAUAAUGAACAGAUC Eurofins
KIF18B CGUACAACAACCCUCAAAUA Eurofins (for rescue)
KIF18B CGUACAACACCCUCAAAUA Ambion
53BP1 (OnTargetplus SMARTpool of four) Dharmacon

Nup13.5 CAAUUCGUCUCAAGCAUUA Dharmacon
GAUAGGAGUGGGAUAGAUA
CAAGAUAGCAAACUAGCAA
GUUCCACGCUGGCCAGAAA
ATR CCU CCG UGA UGU UGC UUG A dtdt Eurofins
ATM inhibitor KU55933 Selleckchem
ATR inhibitor S8050 Selleckchem
Aurora B SML0268 Sigma Aldrich
inhibitor
Chk1 inhibitor 559402 Sigma Aldrich
DNA-PK NU7026 Sigma Aldrich
inhibitor

Nocodazole M1404 Sigma Aldrich

Thymidine T1895 Sigma Aldrich
Deoxycytidine D3897 Sigma Aldrich
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2.3.7. cDNA transfection

HelLa cells were grown to 80-90% confluency and transfected with 1ug
of DNA and 2pl of Lipofectamine2000 (Life Technologies) diluted in
500 pl Opti-MEM (Gibco) added into 2ml DMEM with 10% FBS per 35
mm dish. Cells were grown for 48 h prior to analysis by

immunofluorescence and western blot.

2.3.8. Cell synchronization by Nocodazole

HelLa cells were seeded in 10cm dishes and cultured until 90%
confluent. Cells were then grown in DMEM media containing 25 ng/ml
of Nocodazole for 16-18 h. Nocodazole arrested cells were harvested
by mitotic shake-off and washed 4 times with 50 ml 1x PBS (pre-
warmed at 37°C). Cells were then released into fresh DMEM media
and harvested in different time points for western blot and
immunofluorescence (Jackman and O’Connor, 1998). The method

was adjusted in our lab to achieve the most efficient synchronisation.

2.3.9. Double thymidine block

HelLa cells were seeded at 8x10° cells/10 cm dish to have 50-60 %
confluency at the time of the first block. 1mM Thymidine was added to
the cells, followed by 22 h incubation. Cells were washed with PBS
three times and 25 yM Deoxycytidine in addition to 25 yM Thymidine
was added to the cells to release them for 6 h. Cells were then blocked
again with 2.5 mM Thymidine for 16 h. Cells were then subjected to
three washes with PBS and fresh media containing 25 uyM
Deoxycytidine. Cells were harvested for Immunofluorescent imaging,
FACs analysis, and Western blotting every 2 h for the period of 24 h
after the second release (Shelby et al., 1997).
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2.3.10. FACs analysis

Cells were pelleted by centrifugation at 1200 rpm for 5 min at 4°C then
washed in PBS and resuspended in 1ml cold PBS. The cell
suspension was added to 3 ml 100% ice-cold Ethanol, while vortexing
at low speed. Cells in 75% final concentration of ethanol were fixed
and kept at least 24 hours before the staining for FACS analysis.

Cells were pelleted at 1200 rpm for 5 min after addition of 3 ml PBS,
then washed in 1% BSA in PBS and resuspended in 50ul of 1% BSA-
PBS- 0.5% Triton X-100 containing a 1:50 dilution of primary antibody
and incubated for 2 h at RT. Cells were washed three times in 1%
BSA-PBS and resuspended in 50ul of 1% BSA-PBS-0.5% Triton X-
100 containing a 1:50 dilution of FITC-conjugated anti-rabbit
secondary antibody (Jackson Immunoresearch 111-096-045).
Samples were incubated for 1h at RT in the dark and were then
washed three times in 1% BSA-PBS. After final pelleting, cells were
resuspended in 300yl PBS containing 40ug/ml Propidium lodide
(Sigma Aldrich) and 250ug/ml RNAse A and incubated for 30 min at
RT before being analysed using a FACS Canto Il (BD Biosciences).

2.3.11. Statistical analysis

For quantified microscopy experiments three biological replicates were
completed with a constant number of cells per condition per biological
replicate which is indicated in each figure legend. Sample sizes were
selected to be as large as biologically and technically feasible within
our experimental conditions. The mean difference of each condition in
Figures 2.13. and 2.14., individually compared to control via Student t-
test. The variance was similar between the groups that are being
compared. GraphPad Prism 8.2.1 software was used for all standard
statistical analyses.
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2.4. Results

2.4.1. KIF18B exponential subcellular localisation

To have an overview of KIF18B subcellular localisation, we stained
exponentially growing (80% confluent) asynchronous Hela, U20S
and hTERT-RPE1 cells for KIF18B. The antibody (Sigma Aldrich
HPAO024205) used for KIF18B staining, was first evaluated for its
specificity to KIF18B, using genetically depleted cells for KIF18B
(Figure 2.1.). Similar to the first study of KIF18B by Lee YM. et al, 2010,
we observed a predominant but, not absolute nuclear localisation of
KIF18B, while a small proportion of KIF18B is diffused over the
cytoplasm with slightly more concentration at the proximity of the
nucleus (Figure 2.2.).

We noted the diversity in KIF18B signal intensity throughout the cell
population, which was consistent in the three cell lines examined
(Figure 2.2.). The variation in KIF18B signal intensity in interphase
cells is observable, which could be explained by the cell cycle-
regulated expression of KIF18B in further investigation.

We also noticed KIF18B localisation to the midbody in cytokinetic cells
as shown in (Figure 2.2.). This localisation of KIF18B is comparable
to KIF4A which is also nuclear in interphase and localise at the
midbody in cytokinesis.
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Figure 2.1. Evaluation of KIF18B antibody for its specificity

(A) Representative images from immunofluorescent staining of U20S, Hela, and hTERT-
RPE1 cells for KIF18B in normal (transfected with siControl) and KIF18B depleted (transfected
with siKIF18B) cells. DAPI staining is indicated as blue and KIF18B as green. The third row is
showing the merged image from the two channels. The scale bar is equal to 25 ym. (B) The
Western blot confirms the successful depletion of KIF18B in U20S, Hela, and hTERT-RPE1
cells. The Actin and ponceau staining are shown as a loading control and successful transfer
of proteins to the membrane, respectively.
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Figure 2.2. KIF18B immunostaining in HeLa, U20S and hTERT-RPE1 cells

(A) HelLa cells are stained for KIF18B (SigmaAldrich HPA024205). Three distinctive KIF18B
signal intensities, including low (i), medium (ii), and high (iii) are denoted and enlarged. KIF18B
signal at the midbody of two cytokinetic cells (iv) is also shown. (B) KIF18B staining of U20S
cells and representative enlargement of three different signal intensities of KIF18B. (C)
KIF18B staining of hnTERT-RPE1 cells, which is showing the three different intensities, and
KIF18B at the midbody of two cytokinetic cells (A). The scale bar represents 25um.
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2.4.2. KIF18B expression is cell cycle regulated

We studied the KIF18B expression level in different cell stages using
synchronized Hela cells. The cells were treated with the microtubule
depolymerising agent, Nocodazole, to arrest them at late G2/prophase
(Figure 2.3.). A western blot on harvested cells after Nocodazole
release in five indicated time points was performed (figure 2.3.).
Accordingly, KIF18B was expressed at very high levels in Nocodazole
arrested cells, corresponding to an induced and extended arrest in late
G2/M phase (0-60 min after release). Subsequently, KIF18B levels
gradually decreased upon release up to 120 minutes after Nocodazole
wash out, but still not returned to the level seen in asynchronously
growing cells. The result of this experiment suggested that KIF18B is
cell cycle-regulated with pronounced up-regulation during the G2/M
phase. The levels of H3S10p were examined as control, as this
phosphorylation event is specific to the M phase (Figure 2.3.). The
gradual reduction in H3S10p levels upon Nocodazole release
indicates a degree of release from the Nocodazole block. The pattern
of KIF18B expression in this experiment is similar to H3S10p, although
not identical.

min after Nocodazole

AS 0 30 60" 90" 120" gense

08 kDa ] "= S S — — w—  — KIF18B (98 kDa)
22 kDa
16 kDa
50 kDa —

— — — | Actin (42 kDa)
36 kDa

Figure 2.3. Analysing the KIF18B cell cycle regulated expression

Hela cells were synchronised at G2/M by Nocodazole treatment. The synchronisation was
carried out by Nocodazole arrest and mitotic shake off. At the indicated times after release,
cells were harvested and subjected to western blot analysis and probed for KIF18B and
phosphorylation of H3S10 (H3s10p) as a mitotic marker. Actin served as loading control.
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The preliminary result from arresting cells at G2/M by Nocodazole
showed KIF18B to be cell cycle-regulated. Therefore, we decided to
confirm it by using the double thymidine block and release protocol.

The high concentration of thymidine, interrupts the deoxynucleotide
metabolism pathway, thereby depriving cells of the deoxynucleotide
required for DNA replication (Bjursell and Reichard, 1973). As
treatment of exponentially growing cells with thymidine arrests all cells
undergoing DNA synthesis shortly after the addition of thymidine, a
double thymidine block procedure, which involves releasing cells from
a first thymidine block before trapping them with a second thymidine
block is generally used to result in a more uniform arrest of cells at the
G1/S or early S phase boundary (BOSTOCK, 1971). We arrested
HelLa cells at G1/S and early S by using double thymidine block and
released the cells into the cell cycle with synchrony. After release, cells
were harvested every 2 hours for 24 hours. Analysis of DNA content
through Pl staining and flow cytometry confirmed the cell’'s
synchronisation (Figure 2.4.). Immunoblotting for H3S10p and Cyclin
B also confirmed a reasonable level of synchrony (Figure 2.5. B).

Immunoblotting for KIF18B showed a steady increase in expression
level as cells transited the S phase into G2 and M phases. Once cells
exited M and entered into the subsequent G1 phase, the level of
KIF18B decreased and remain low, which is consistent with the
immunofluorescent staining for KIF18B (Figure 2.5.).
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Figure 2.4. Staggered histogram of flow cytometric analysis of synchronised
HelLa cells
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Release from thymidine

HelLa cells were blocked twice with thymidine and released. The cells were harvested at
indicated time points after the last release. Ethanol fixed samples were analysed by
Flowcytometry. Cell's DNA content is stained with Propidium lodide, representing the number
of alive cells proceeding through the cell cycle. The Y-axis of the histogram is indicating the
number of cells and the X-axis is indicating the DNA content/Cell.
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Figure 2.5. Cell cycle regulated expression of KIF18B

(A) HelLa cells were arrested at G1/S by double thymidine block and harvested at indicated
time points. Cells were stained for KIF18B (green) and Tubulin (red) and imaged. KIF18B,
Merge of DAPI- KIF18B, Merge of Tubulin- KIF18B, and Merge of DAPI-Tunulin-KIF18B are
shown respectively in Asynchronous condition and all time points. The scale bar represents
25um. (B) The western blot of the cells harvested at indicated time points after double
thymidine block and release was probed for KIF18B, CyclinB1, H3S10p, and H3. Ponceau
staining is used as loading and protein transfer control.

For further confirmation of the cell cycle regulation of KIF18B
expression, we used the Fluorescent Ubiquitination-based Cell Cycle
Indicator (FUCCI) system (Sakaue-Sawano et al., 2008). FUCCI is a
set of two fluorescent fusion proteins: FUCCI-G1 Red and FUCCI-
S/G2/M Green. FUCCI-G1 Red is a fusion protein of a fragment of
human CDT1 with the red fluorescent protein, m-Cherry, which is
expressed in the G1 phase. FUCCI-S/G2/M Green is a fusion protein
of a fragment of human Geminin with the green fluorescent protein
mMAG1 (monomeric Azami-Green1), that is expressed in S, G2, and M
phases. Cells expressing both Cdt1 and Geminin are in transition from
G1 to S phase and exhibit a yellow colour. This technology utilises red
and green florescent staining to analyse cells in a spatio-temporal
manner. We used a far-red dye, Cy5, to stain KIF18B. (Figure 2.6. A,
B, C).
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Figure 2.6. KIF18B cell cycle profiling by FUCCI system

(A) Schematic of the FUCCI system application for recognising the cells in different stages of
the cell cycle. (B) A representative image of the hTERT-RPE1 cells, stably expressing CDT1-
mcherry (red), in G1 phase and Geminin-mAG1 (green), in S/G2/M phases and presents the
G1/S transition in yellow (on the far-right). The cells stained for KIF18B and categorised in
three levels of KIF18B signal intensity (panel in the centre): low, medium, and high. DAPI
staining is presented in the far-left panel. The scale bar represents 25um. (C) Quantification
of the absolute count of cells at different cell cycle stages based on their colour in low, medium,
and high categories of KIF18B signal intensity. (D) Quantification of the percentage of cells
with low, medium and high KIF18B signal intensity at different cell cycle stages. The
quantification is performed by Fiji ImageJ version 1.52n software by defining a region of
interest (ROI) around each cell’s nucleus and measurement of the KIF18B signal intensity
within the ROI. 1000 cells were counted in each experiment and categorised in three groups
of low (<100), medium (100-150), and high (>150), based on KIF18B intensity (pixels in ROI).
The Error bars represent the SEM across 3 independent repeats.
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We divided the cells into three groups, low, medium, and high, based
on the level of KIF18B intensity. The distribution of red, yellow, and
green cells in three different cell cycle stages, G1, G1/early S, and late
S/G2/M, based on the absolute count of cells, was typical for a
proliferating population of cells. Most of the cells counted as red (60%),
indicating G1 and a smaller population (20%) were detected in S/G2/M
by green colour, followed by a smaller number of cells (10%) in G1/S
transition staining as yellow (Figure 2.6. B). The percentage of the cells
in each group of the high, medium, and low signal intensity for KIF18B
indicates that KIF18B intensity correlates with the cell cycle
progression. The majority of the cells in the S/G2/M phase showed
high KIF18B intensity, indicating that KIF18B is cell cycle-regulated
with a gradual increase from G1 to G1/S and reach the highest in
S/G2/M phases (Figure 2.6. C). Although all methods of cell cycle
analyse have limitations, this method confirms the result of our
previous Nocodazole arrest and double thymidine block and release
analysis, indicating that KIF18B expression is cell cycle-regulated with
low levels in early and high levels in the late phases of the cell cycles.

2.4.3. KIF18B localisation throughout the cell cycle

To investigate KIF18B subcellular localisation in interphase and
specific stages of mitosis, HelLa cells were stained for KIF18B and

tubulin and captured at different cell cycle stages (Figure 2.8.).

Unlike the most kinesins, we found KIF18B predominantly, but not
exclusively, localised in the nucleus during interphase. This
observation is in accordance with a previous study reporting the
nuclear localisation of KIF18B (Lee et al., 2010).

Furthermore, we noticed that KIF18B co-localises with the area of the
nucleus, which shows the most intense DAPI staining, corresponding
to heterochromatin particularly around the nucleoli, which recognised

as a black cavity in the nucleus due to a lower concentration of DNA
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(Pontvianne et al., 2016) (Figure 2.7.). There is also a small fraction of
the KIF18B signal found within the cytoplasm.

KIF18B is released from the nucleus upon nuclear envelope
breakdown in mitosis and localises to the plus end of the astral
microtubule, where it is required, together with EB1 and MCAK, for
astral microtubule dynamics in interaction with the proteins (Stout et
al., 2011; Tanenbaum et al., 2011).

In our analysis of KIF18B cellular localisation by immunofluorescence
staining, we found KIF18B at the appointed position to the astral
microtubule plus ends, which is more visibly in prometaphase and
metaphase (Figure 2.8.). Although KIF18B is detectable throughout
the cytoplasm in mitotic cells, more abundant aligned with polar and
kinetochore microtubules in the middle of the cell in anaphase (Figure
3.8.). Noticeably, it starts localising on or around the chromosomes
from telophase, when the nuclear envelope re-forms and KIF18B

would be able to move to the nucleus through NPCs.

Surprisingly, in cytokinesis, a proportion of KIF18B clearly localises to
the midbody (Figure 2.8.). However, any role for KIF18B in cytokinesis
is not yet been reported.
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KIF18B

Figure 2.7. KIF18B co-localisation with intense DAPI stained areas in the
nucleus in interphase human cells

Five representative images of HelLa cells in interphase (i to v), showing the distribution of
KIF18B intensity in the nucleus. KIF18B staining is indicated in green and the DAPI staining
is shown in red. The scale bar represents 25um.
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Figure 2.8. KIF18B staining at different cell cycle stages

Representative immunofluorescence staining of KIF18B and Tubulin in HeLa cells, at different
cell cycle stages. DAPI staining is shown in blue, Tubulin in red and KIF18B in green as
indicated. DAPI and KIF18B are merged in the fourth column, Tubulin and KIF18B are merged
in the fifth column and in the last column, all channels are merged. The scale bar is 25um.
The cell cycle stages are shown on the left of each row.
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2.4.4. KIF18B localises to the midbody and primary cut site

While studying KIF18B at different cell cycle stages on synchronised
and asynchronised Hela, as well as U20S cells, we noticed the
localisation of KIF18B to the midbody during cytokinesis (Figure 2.8.).

To further investigate KIF18B localisation to the midbody during
cytokinesis, we utilised the hTERT-RPE1 cell line, which is
karyotypically normal immortalised cell line and expected to exhibit
more normal phenotypes. RPE1 cells stained for KIF18B and tubulin,
the cleavage furrow ingression, and midbody stage cells were
recognised by the appearance of a distinctive tubulin signal along the
cytoplasmic canal. Imaging cytokinetic cells, KIF18B was consistently
observed at the midbody from early to late cytokinesis (Figure 2.9.).
We noticed that KIF18B localisation is dynamic during cytokinesis. It
is accumulated at the midbody in early cytokinesis. In later stages of
cytokinesis, a proportion of KIF18B moves toward either side of the
midbody, also known as midbody arms (Figure 2.9.).
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Figure 2.9. KIF18B localises at the midbody in cytokinesis

hTERT-RPE1 cells in different cytokinetic stages as indicated on the left were stained for
KIF18B and Tubulin. DAPI staining is shown as blue (15t column), Tubulin is shown in red (2"
column), and KIF18B is presented in green (3™ column). They are all merged in the fourth
column. The fifth column is the enlargement of the selection in the fourth column. Images from

“ 2y

early to late cytokinesis showing the dynamic localisation of KIF18B to the midbody. “i” and
“ii” represent two examples of each cytokinesis stage. The scale bar represents 25 pm.

To confirm the KIF18B localisation at the midbody, we co-stained
RPE1 cells for KIF18B and Aurora B, as a protein with a distinctive
localisation at the midbody (Figure 2.10.). Aurora B is a relatively well
characterised mitotic kinase, which is localised at midbody arms

throughout cytokinesis and activated from early mitosis and in
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association with its partners in the chromosome passenger complex
regulates the abscission timing (Carmena et al., 2012).

While Aurora B localises merely on the midbody arms during
cytokinesis, we found that KIF18B localisation varies from early to late
cytokinesis (Figure 2.10.). Comparing the localisation of KIF18B and
Aurora B, they appear to have some overlap in early cytokinesis as
KIF18B is mostly localised to the midzone, the midbody centre, and
Aurora B mostly localises to the midbody arms. However, in late
cytokinesis, they show the same localisation pattern and co-localise at
the midbody arms, while a small proportion of KIF18B remained at the

midzone.

As EB1 is essential for KIF18B targeting microtubules plus ends and
regulating the dynamics of the microtubule, in mitosis (McHugh et al.,
2018), we explored the localisation of EB1 at the midbody during
cytokinesis to see if it does have any connection to KIF18B at the
midbody as well as the microtubules plus ends (Figure 2.11.). We
imaged RPE1 cells stained for EB1 and Tubulin from prometaphase
to late cytokinesis. At prometaphase and anaphase, EB1 was mainly
detectable at its known location at the plus ends of the astral
microtubule (Figure 2.11.). In anaphase, we found EB1 with relatively
intense localisation at the centre of the spindle, appointed to the
kinetochore microtubules. Images of the cytokinetic progression
showed EB1 localises to the midbody, which two examples are
showed (Figure 2.11.). This result suggests the requirement of EB1 for
KIF18B localisation at the midbody as well as astral microtubule plus
ends.
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Figure 2.10. KIF18B and Aurora B localisation during cytokinesis

Immunofluorescence of KIF18B and Aurora B in hTERT-RPE1 cells. DAPI staining is shown
in blue (1%t column), Aurora B is presented in red and KIF18B in green (2" and 3™ column,
respectively). In the fourth column, they all merged. The fifth column is the enlargement of
selection in the fourth column. At early cytokinesis the KIF18B and Aurora B are overlapping
and in later cytokinetic stages (e.g., 1&2) they co-localised at midbody arms. The scale bar
represents 25um.
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Figure 2.11. EB1 localisation in different cell cycle stages.

Immunofluorescence of EB1 and Tubulin in hTERT-RPE1 cells in mitosis and cytokinesis.
DAPI staining is presented in blue (15t column), Tubulin is shown in red (2" column), and EB1
in green (3 column). In the fourth column, the three of them are merged. The fifth column is
the enlargement of the selection in the fourth column. As shown in prometaphase and
anaphase, EB1 localises at astral microtubule plus ends appointed position. Two examples of
cytokinetic cells (i and Ji, in the 3™ and 4™ row) are showing EB1 localisation at the midbody.
The scale bar represents 25um.

Abscission is the final step of cytokinesis, characterised by the
occurrence of a cut in flanking region of the midbody in one of the arms
(Steigemann et al., 2009).The abscission results from the coordinated
action of a set of proteins acting as a cascade leading to the
constriction of the action-myosin cortex. The ESCRTIII complex is the
key for successful cytoskeletal structure removal and the plasma
membrane cleavage (Fededa and Gerlich, 2012). The antiparallel
microtubule bundle, which is densely compacted in the cytoplasmic
canal, must be cut by the microtubule severing protein, Spastin
(D’Avino et al., 2015). We also observed KIF18B localises to the cut
site at late cytokinesis (Figure 2.12.). As KIF18B is recognised as a
destabiliser for microtubules that depolymerises them at their plus
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ends, the presence of KIF18B at the primary cut site is an indicative of
a potential role for KIF18B in abscission.

Tubulin
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Figure 2.12. KIF18B localisation to abscission cut site during cytokinesis

Immunofluorescence of KIF18B and Tubulin in hTERT-RPE1 cells. DAPI staining is presented
in blue (1%t column), Tubulin is in red (2" column), and KIF18B in green (3 column). The
three images are merged in the last column. The second and fourth rows are showing the
enlarged image which is indicated as a white square in images. Images of the final stage of
cytokinesis, abscission are shown as two examples. “MB”: midbody, “1°”: primary cut site,
“UK”: unknown. The scale bar represents 25um.
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2.4.5. Preliminary investigation on the regulation of KIF18B
localisation to the midbody

We have shown KIF18B localises to the midbody as well as EB1, from
early to late cytokinesis, and compared the localisation pattern of
KIF18B and Aurora B at the midbody (Figure 2.10., 2.11.). Since
Aurora B is involved in all pathways related to cell division and
abscission and in another word, it is known as the chief regulator of
abscission (Barr and Gruneberg, 2007; van der Waal et al., 2012), we
investigated whether KIF18B localisation to the midbody is regulated
by Aurora B (Figure 2.13.).

In addition, the checkpoint effector Checkpoint Kinase 1 (CHK1) has
also been reported to regulate cytokinesis and in coordination with
Aurora B, ensures appropriate chromosome segregation (Peddibhotla
et al., 2009). Therefore, we also tested if the KIF18B localisation at the

midbody is regulated by CHK1 protein (Figure 2.13.).

Moreover, Both DNA-PK and ATM have been located in the midbody
(Lee et al., 2011; Yang et al., 2011). Therefore, we assessed the
potential regulation of KIF18B by the three DDR PIKKs including ATM,
ATR (ATM- and Rad3-related), and DNA-PK (Figure 2.13.).

We stained RPE1 cells for KIF18B and tubulin after inhibition of CHK1
and Aurora B as well as ATM, ATR, and DNA-PK kinase activity via
the treatment of the cells with chemical inhibitors. The average KIF18B
signal intensity at the midbody was reduced upon Aurora B inhibition
to one-tenth but, not significantly changed upon CHK1 inhibition. The
DNA-PK and ATM inhibition caused more than one-third reduction in
the KIF18B signal intensity at the midbody, while ATR inhibition had
no effect (Figure 2.13.).
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Figure 2.13. KIF18B localisation is depending on the Aurora B, ATM, and DNA-
PK kinase activity

(A) Representative images of immunofluorescence of Tubulin and KIf18B in cytokinetic RPE1
cells in different conditions including untreated and treated with Aurora B, CHK1, ATR, ATM,
and DNA-PK inhibitors, before fixation as indicated on the left. DAPI staining presented as
blue, Tubulin as red and KIF18B as green (1%, 24 and 3" column, respectively). The three
channels are merged in the fourth column. The fifth column is the enlargement of the selection
in the fourth column. The scale bar represents 25um. (B) The quantification of KIF18B
intensity at the midbody including midzone and arms in all different conditions. The
quantification was performed by Fiji ImageJ version 1.52n software through defining a region
of interest at the midbody and measurement of the KIF18B signal intensity within the region
of interest (ROI). 10 cytokinetic cells were tested in each condition and each bar in the graph
shows the mean of KIF18B signal intensity in each condition. The error bars represent the
SEM of 3 independent repeats. Student’s t-test analyses revealed the results were significant
***P<0.001, **P<0.01, and not significant (ns).

2.4.6. Loss of KIF18B results in fewer cytokinetic cells

To further investigate the role of KIF18B in cytokinesis, we carried out
cytokinetic profiling upon KIF18B depletion. In this assessment, we
also depleted ATR and NUP153 as controls for conditions with
decreased and increased number of cytokinetic cells, respectively
(Mackay et al., 2010; Okowa, 2018).

ATR, as one of the apical kinases, regulating DDR, is also a central
player in several checkpoint pathways aiming to preserve the genome
integrity during the cell cycle (Friedel et al., 2009). Loss of ATR also
results in failed abscission and the formation of binucleated cells
(Eykelenboom et al., 2013). Our laboratory has recently identified a
non-canonical role for ATR in the regulation of abscission timing
(Okowa, 2018). ATR was demonstrated to localise to the midbody at
cytokinesis to delay abscission while interacting with the ESCRT Il
subunit CHMP4B. Chemical inhibition or genetic depletion of ATR
reduced the number of cells in cytokinesis as cells progressing more

quickly through abscission upon loss of ATR function (Okowa, 2018).

Nucleopore Complex (NPC) proteins are the components of
nucleopore baskets essential for trafficking mRNA and proteins
between the nucleus and cytoplasm (Mackay et al., 2010). It has been
shown that the disruption of NPC by depletion of NUP153, one of the

main components of NPC, results in Aurora B mediated abscission
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delay. This acts as a checkpoint mechanism for cytokinetic
progression and the increase in cytokinetic cells (Mackay and Ullman,
2011).

Performing cytokinetic profiling, HeLa cells were fixed and stained for
tubulin and ANCHR, a marker of midbodies, 48 h after depletion of
ATR, NUP153, and KIF18B (Figure 2.14.). Cells in cytokinesis were
identified by the intense tubulin signal at the midbody canal. Moreover,
the localisation of ANCHR to the midbody served as an indicator for
cytokinesis (Figure 2.14.). Depletion of ATR reduced the number of
cells in cytokinesis by half, compared to the control. The number of
cytokinetic cells doubled upon NUP154 depletion compared to control.

KIF18B depletion resulted in reduction in the number of cytokinetic
cells similar to that of ATR depletion. This preliminary data is
consistent with a possible role for KIF18B in cytokinesis.

77



Chapter 2

A.

Tubulin Anchr

01— ] |
(7]
2 8 4
= p— ATR
2 250kDa AR oa)
3
. — Nup153
< 148kDa— & (153 Kba)
oy — 08kDa—] W — A — KIF18B
8 . =okDa (98 kDa)
o " R ——— ) Ve 2
N o 35kDa (42 kDa)
L)
&
% ~l§
é\

Figure 2.14. Loss of KIF18B reduces the number of cells in cytokinesis

(A) Representative images of immunofluorescence of Tubulin and ANCHR, in control
(transfected with siCTL) and NUP153 depleted (transfected with siNUP153) HelLa cells.
ANCHR is a marker of the midbody and indicative of cytokinesis. The images of ATR and
KIF18B depleted cells are not shown as cytokinetic cells were barely detectable. The scale
bar represents 25um. (B) Quantification of the number of cells in cytokinesis in control and
upon KIF18B, ATR, and Nup153 depletion. Cells in cytokinesis were scored manually. The
bars in the graph show the average number of cytokinetic cells from three independent
experiments. The number of cells per experiment was 2400. Student t-test used for
comparison of the results of treated cells with control which showed the significance with *P
<0.1 and **P <0.01. (C) The western blot for confirmation of the efficient knockdown of proteins
is presented, which is performed according to the methods described in the Materials and
Methods section using the indicated primary antibodies. Actin was used as a loading control.
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2.5. Discussion

In this chapter, we studied the subcellular localisation of KIF18B, in
normal cells and the regulation of its expression throughout the cell
cycle.

The staining of three different cell lines for KIF18B showed different
intensities. Therefore, we checked if KIF18B is cell cycle-regulated.
The cell cycle regulation of KIf18B proved through three different
examination methods. This was not the first time showing KIF18B cell
cycle regulation. It has been examined by Lee et al. as a cell-cycle
regulated kinesin when they published the first paper exclusively about
KIF18B (Lee et al., 2010). However, their report was not quite
convincing as the WB quality was unfavourable and their intervals of
cell harvesting after double thymidine block look insufficient.
Moreover, they have used their own developed antibody for KIF18B
which was never tested before, so this result required to be confirmed
with a different antibody. We also found KIF18B to be cell-cycle
regulated but in a slightly different way from that described by Lee et
al., They argued KIF18B is undetectable in G1 and at G1/S transition
and started to appear at G2/M in a similar pattern with Cyclin B while
we found KIF18B quite detectable in G1 and at G1/S transition with a
steady increase as it progresses toward G2 and M to reach the peak
of expression. However, Cyclin B shows an increase in late G2 and M
but actually, it peaks in mitosis while KIF18B has an ascending slope

toward mitosis.

Moreover, we found KIF18B and Cyclin B maximum expression
around 10 to 12 hours post thymidine release while Lee et al. showed
the peak at 9 hours which can be attributed to differences between cell
line batches, the probable difference in methodology, and the level of

cell synchronization.

The KIF18B localisation within the cell throughout the cell cycle is
highly variable and complex. In interphase, unlike most kinesins,
KIF18B showed to be predominantly nuclear which is consistent with
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previous studies (Lee et al., 2010; Tanenbaum et al., 2011) however,
we observed a higher KIF18B signal intensity around the dark areas
of the nucleus, reflective of nucleoli (Pontvianne et al., 2016) and
dense DAPI stained areas, reflecting the possibility of correlation with
heterochromatic DNA and suggestive to have a role in the nucleus.

In mitosis, however, it is only described to localise at the astral
microtubule plus ends (Lee et al., 2010; Tanenbaum et al., 2011), we
observed KIF18B on the microtubules everywhere in the cell with
slightly more concentration on astral microtubule plus ends. This
observation is in accordance with the previously reported movement
of KIF18B on microtubules with a relatively high speed (635 + 163
nm/s; mean = s.d.) without depolymerizing them (Tanenbaum et al.,
2014) and also consistent with a recent study reporting KIF18B as a
highly processive protein, able to walk along the microtubules and
once reached the microtubule plus ends, lands there for a
considerable time (McHugh et al., 2018).

Interestingly, we observed KIF18B localisation to midbody in
cytokinesis, which to the best of our knowledge, is not reported in any
of the literature so far. KIF18B showed a dynamic localisation to the
midbody from early to late cytokinesis by moving from the midzone in
early cytokinesis to the midbody arms at the later time points. We also
showed KIF18B localisation at the primary cut site, forming prior to

final abscission.

EB1 and MCAK are reported as KIF18B interacting partners,
coordinating with KIF18B in astral microtubule length regulation
(McHugh et al., 2018; Stout et al., 2011; Tanenbaum et al., 2011). EB1
is required for KIF18B localisation on the plus end of microtubules. In
this regard, spindle dislocation is shown as the consequence of
KIF18B mis-localisation due to EB1 depletion (McHugh et al., 2018).
We have also shown that EB1 localises to the midbody. This
preliminary data proposes a probable role for KIF18B coordinated with
EB1 in abscission progress. The hypothesis is that KIF18B localises

to the midzone and then midbody arms, accompanied by EB1 to
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depolymerise the microtubule filaments and facilitate the final
cleavage between the two daughter cells. Investigating the cytokinetic
cells stained for MCAK and KIF18B would be able to better describe

the mechanism of KIF18B’s action at the midbody.

The ability of microtubule-binding of the KIF18B’s C-terminus depends
on phosphorylation by Aurora kinases. Inhibition of the kinase activity
of Aurora kinases will lead to longer astral microtubules in mitotic cells,
regarding the known conventional role of KIF18B (McHugh et al.,
2018). Similarly, we showed KIF18B to have a 10-fold decrease in
localisation at the midbody upon Aurora B kinase activity inhibition.

Aurora kinases including Aurora B shown to interact with CHK1,
policing the abscission timing (Mackay and Ullman, 2015; Zhang and
Hunter, 2014). On the other hand, CHK1 is required for launching the
DNA damage checkpoints (Patil et al., 2013; Zhang and Hunter, 2014).
As we tested, the KIF18B signal intensity at the midbody of cytokinetic
cells did not change significantly upon CHK1 inhibition. This result
suggests, the Aurora B dependent regulation of KIF18B at the
midbody is not regulated by CHK1 dependent Aurora B
phosphorylation. This refers to uncharacterized signalling pathways
upstream of Aurora B which is not fully understood yet (Mackay and
Ullman, 2015)

ATR is also implicated to contribute to abscission timing in the interest
of genome integrity preserving while localising at the midbody
(Eykelenboom et al., 2013; Mackay and Ullman, 2015; Okowa, 2018).
Moreover, ATR has an important role in CHK1 activation and the
progress of the final steps of cytokinesis. As we tested, KIF18B
localisation at the midbody was not ATR dependent.

An Aurora B dependent phosphorylated form of ATM at Serin 1403 is
reported to localise to the midbody. This ATM phosphorylation is
required for ATM mitotic activity in undamaged normal cells (Yang et
al., 2011). The mitotic spindle structure is shown to be affected by

either chemical ATM kinase activity inhibition or genetically ATM
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depletion (Palazzo et al., 2014). The loss of ATM will result in mitotic
abnormalities such as chromosome misalignment, multipolar spindles,
scrambled astral microtubules, and spindle dislocation (Palazzo et al.,
2014; Shen et al., 2005). These features as the consequence of loss
of ATM activities resemble the role of KIF18B mitosis, maintaining the
length of astral microtubule and spindle orientation (McHugh et al.,
2018; Tanenbaum et al., 2011), proposing a possible relationship
between KIF18B and ATM activities during mitosis confirmed by the
reduction in KIF18B signal intensity at the midbody by ATM inhibition.

The phosphorylated form of DNA-PK at T2609 is reported to localise
at the centrosomes, kinetochores, and midbody during mitosis (Lee et
al., 2011) Kyung-Jong Lee for the first time reported that the DNA-PK
has a critical regulatory role in mitosis in normal cells, in addition to its
established role in DNA damage response. Mitotic-induced
phosphorylation of DNA-PK is closely related to spindle conformation
at centrosomes and kinetochores. Depletion or inhibition of DNA-PK
will result in chromosome misalignment and aneuploidy due to mitotic
catastrophe as the mitotic progression will be perturbed (Lee et al.,
2011). The significant reduction in KIF18B signal intensity upon DNA-
PK inhibition could be indicative of the role of DNA-PK in mitosis
regulation that affects the KIF18B localisation at the midbody as it

modulates microtubule dynamic and chromosome segregation.

DNA-PK is recently identified as a negative regulator of ATM in DNA
damaged cells (Liu et al., 2019). In addition, another study showed
downregulation of ATM is a common feature of DNA-PK™ cells (Neal
and Meek, 2019). Accordingly, the effect of DNA-PK and ATM
inhibition on KIF18B midbody localisation could be related to DNA-PK
and ATM interactions as they can phosphorylate each other, or a
caveat would be that they conduct their effect separately according to
their DDR-independent roles in mitosis. Nevertheless, all inhibitory
functions of the chemical inhibitors used requires to be approved by

genetically depletion of the proteins as well.
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Regarding the localisation of KIF18B at the midbody, we have done a
cytokinetic profile upon KIF18B depletion in RPE1 cells. Our result
revealed the reduction in the number of cytokinetic cells upon KIF18B
depletion, possibly attributed to the incapability of the cells in entering
cytokinesis reflecting the role of KIF18B in earlier time points in
mitosis; maintaining the astral microtubule length and spindle
orientation. Although, it is shown that KIF18B and MCAK cooperating
to regulate the astral microtubules dynamic and co-depletion of both
does not have additional effects on the microtubule length, indicating
their epistatic interaction (McHugh et al., 2018). Another explanation
would be the reduction in the number of cytokinetic cells is due to the
role of KIF18B in abscission timing, proposing KIF18B to act as a
checkpoint for abscission. An auxin-inducible degron (AID) system
which is ideal as a tool to achieve rapid and inducible protein
degradation (Sathyan et al., 2019), can be used to target KIF18B in
synchronised cells, to better define the role of KIF18B in cytokinesis

and particularly in abscission.

83



Chapter 3

Chapter 3: KIF18B interacts with 53BP1 to
promote an efficient double-strand break
repair
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3.1. Summary

53BP1 is a DNA damage response mediator, which plays an important
role in repair pathway choice and inhibiting HR. Inhibition of resection
is one of the 53BP1 functions in preserving genome integrity (Bunting
et al., 2010). As it determines the efficiency of PARPI treatments of
BRCA1 deficient cancers (Bouwman et al., 2010), it is privileged in
DNA damage response proteins to be investigated.

Investigating the mechanism of 53BP1 involvement in DNA damage,
a quantitative proteomic screen (SILAC) was carried out previously in
our lab to study the 53BP1 interactome and discover potential
functions of 53BP1 (see Appendix IV.). Interestingly, a kinesin-8 family
member, KIF18B, highly scored as a 53BP1 interacting partner. We
have shown that KIF18B colocalises with 53BP1 at IRIF in gamma-
irradiated cells and nuclear bodies in undamaged cells. Furthermore,
impairment of 53BP1 focal recruitment to IRIFs and TIFs is shown to
be dependent on KIF18B. H4K20me2 is considered as one of the
influential chromatin modifications required for 53BP1 focal
recruitment at DSBs. We ruled out if the dependence of efficient
53BP1 recruitment on KIF18B is through affecting H4K20
dimethylation. 53BP1 interacting domain (TIM) as well as the motor
domain of KIF18B shown to be involved in de-protected telomere
fusion as well as 53BP1 recruitment to Telomere Dysfunction-Induced
Foci, TIFs. Additionally, we showed microtubules disruption and
KIF18B depletion are having an epistatic effect on 53BP1 efficient
focal recruitment at IRIF.

Based on the involvement of the KIF18B motor domain in DDR
besides its localisation at DNA damaged sites, we propose probable
microtubule mediated KIF18B motor activity in 53BP1 dependent

damage response process.
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3.2. Introduction

Double-Strand Breaks (DSBs) are the most destructive damage to
DNA. Depending on the extent of the damage and the cell’s ability to
repair it, the outcome ranges from a fully functional genome to cell

death or cancer (Harper and Elledge, 2007).

Following the DSBs formation, a subset of proteins will be recruited to
the damage sites to sense, mediate and conduct the repair via two
main pathways, H and NHEJ (Schooley et al., 2012b).

The tumour suppressor 53BP1 is a key mediator protein in DNA
damage response (DDR) playing an important role in repair pathway
choice and promoting NHEJ by repressing the resection required for
HR (Bekker-densen and Mailand, 2010).

The precise mechanism of 53BP1 recruitment to and retention at DSB
has been the subject of much investigation but is still not clearly
understood.

Histones PTMs involved in 53BP1 recruitment to the DSB are reported
to be mainly H4k20me2 and H2A(X)K15ub, interacting with the Tudor
domain of 53BP1. The histone H4 mono-, di- and tri- methylation is
mediated by KMTS5A, KMT5B, and KMT5C methyl transferases
respectively (Girish et al., 2016; Nishioka et al., 2002).

In addition to promoting the NHEJ pathway, 53BP1 has reported roles
in telomere maintenance and immunoglobulin V(D)J recombination
and class switch recombination (Dimitrova et al., 2008; Ward et al.,
2004). Moreover, it has been recently shown that 53PB1 promotes
microtubule-dependent DSBs mobility through interaction with the
LINC complex, mediating the fusion of de-protected telomeres
(Lottersberger et al., 2015).

In mammalian cells, the shelterin complex protects telomeres from
being considered as DNA broken ends and consequently, activation
of the damage response cascade (Palm and de Lange, 2008). Upon
removing the shelterin complex by TRF2 depletion, Telomere -Induced
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Foci (TIFs) will form at the site of de-protected telomeres (Takai et al.,
2003). Since these de-protected telomeres are considered as DSBs,
they will ultimately be fused through the NHEJ pathway mediated by
53BP1 in an ATM-dependent manner (Dimitrova et al., 2008).

To elucidate 53BP1 biology, a quantitative proteomic screen was
performed in our lab on affinity-purified 53BP1 extracted from
unirradiated and irradiated exponentially growing chicken DT40 cells.
In addition to previously identified 53BP1 interacting partners, KIF18B,
a kinesin 8 family member, was identified as a novel interactor
(Frizzell, 2015) (See Appendix IV.). More recent work in our laboratory
has established a direct interaction of KIF18B via a short motif near its
C-terminus with the Tudor domain of 53BP1(Frizzell, 2015). Hence,
the 53BP1 Tudor domain interacting motif has been dubbed, the Tudor
Interacting Motif or TIM.

Kinesins are members of a molecular motor superfamily and have an
essential role in cell survival and a multitude of processes involved in
the active movement (Vale, 2003). Involvement of a kinesin in the DNA
damage response has been suggested before, as KIF4A was reported
to be involved in BRCA2/RAD51 mediated H(Wu et al., 2008). KIF4A
also retaining genome stability through maintenance of
heterochromatin by regulation of ADP-ribosylation of core and linker
histones. Moreover, KIF4A is required for chromatin assembly proteins

recruitment (Mazumdar et al., 2004).

We found KIF18B, which is mainly nuclear in interphase, colocalises
with 53BP1 at IRIF as well as nuclear bodies in G1 cells. Moreover,
we have shown KIF18B is required for efficient 53BP1 focal
recruitment to IRIFs and TIFs through direct interaction of KIF18B ‘s
TIM domain at the C-terminal with 53BP1 Tudor domain. We
uncovered the involvement of KIF18B ‘s motor domain as well as the

TIM domain in the DSB repair process.
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3.3. Materials and methods

3.3.1. Cell Culture

Cells were cultured at 37°C in a humidified atmosphere of 5% CO?Z.
U20S, HeLa and HEK293T cells were cultured using DMEM
supplemented with 10% FBS (Sigma Aldrich) and 1% penicillin-
streptomycin (Sigma Aldrich). hTERT immortalized RPE-1 cells were
cultured in DMEM-F12 media supplemented with 10% FBS and 1%
penicillin-streptomycin (Sigma Aldrich). HelLa (Tet inducible) cells
were cultured in DMEM supplemented with 10% Tet free FBS
(approved to be tetraCycline free) and 1% penicillin-streptomycin
(Sigma Aldrich).

3.3.2. Drug treatments

U20S cells at 70-80% confluency were treated with a concentration of
100ng/ml Nocodazole and 200 ng/ml Taxol, 30 minutes before 3Gy
irradiation. Cells were harvested for western blotting and

immunofluorescent staining 1h post-irradiation.

3.3.3. Protein Extraction

Protein extracts were prepared by lysing cells in lysis buffer (50mM
Tris-HCI, 0.5% Triton X-100, 150mM NaCl, 10% glycerol, 1mM MgCI2,
protease and phosphatase inhibitors cocktail, Abcam (ab201119)) and
a 1:1000 dilution of Benzonase nuclease (Sigma Aldrich) for 45 min at
4°C. Samples were then centrifuged for 20 min at 14,000 rpm at 4°C,
the supernatant was then used for downstream applications. The

protein concentrations were measured using Bradford reagent.
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3.3.4. Western Blotting

The concentration of proteins was adjusted to be the same and diluted
with 4X sample buffer (2.0 ml 1M Tris-HCI pH 6.8, 0.8 g SDS, 4.0 ml
100% glycerol, 0.4 ml 14.7 M 3-mercaptoethanol, 1.0 ml 0.5 M EDTA,
8 mg Bromophenol Blue). The separation of proteins performed using
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred to a nitrocellulose membrane using
0.35 mAmps for 1h on a BioRad power supply at 4°C. Membranes
were blocked in 5% milk-TBS with 0.1% Tween20 for 20 min at RT.
The conditions for probing with the primary antibody are mentioned in
Table 3.1. Following overnight probing for the primary Ab, membranes
were washed three times in TBST buffer and subsequently incubated
with the relevant secondary antibody at 1:5000 dilution in 5% milk-TBS
with 0.1% Tween20 for 60 min at RT.

Specifically, to probe the membrane with H4K20me2 antibody,
following the protein transfer, the membrane was blocked in 10% milk-
TBST for 1h then incubated with the H4K20me2 diluted 1/1000 in 5%
milk-TBST for 1h. One wash with H20 will be followed by three washes
in TBST and incubation with secondary antibody for 1h. Three washes
with TBST and 5 min incubation with ECL and finally 3 washes with
H20 would be the last step.

The membrane imaged with Fusion FX Vilber imager and H4K20me2
bands intensity were quantified by Fusion software v18.05. The Band
Analysis tools of software were used to select and determine the
background-subtracted density of the bands in all the gels and blots.

89



Chapter 3

Table 3.1. List of antibodies and conditions used for western blotting

Antibody Dilution  Blocking |Species |Manufacturer Catalogue
Number
53BP1 1:10000 5% milk Rabbit Bethyl A300-272A
53BP1 1:10000 5% milk Rabbit Novus NB100-304
KIF18B 1:1000 5% milk Rabbit Sigma Aldrich HPA024205
Actin 1:5000 5% milk Rabbit Sigma Aldrich A2066
AcTubulin 1:2000 5% milk Mouse Millipore MABT868
TRF2 1:1000 5% milk Rabbit Novus NB110-57130
H4k20me2 1:10000 10%milk Rabbit Millipore 07-367
Goat Anti- 1:5000 5%milk Goat Thermoscientific 31460
Rabbit IgG
Anti-mouse  [1:5000 5%milk Rabbit Thermoscientific 31450
IgG

3.3.5. Immunofluorescence staining

The coverslips were sterilized under UV for 20 min before seeding
cells. Counted 1.5x10° to 2.5x10° (depending on the purpose of
experiment) U20S, HelLa, or hTERT RPE-1 cells were grown on a
sterile coverslip in DMEM with 10% FBS and 1% penicillin-
streptomycin. 24 to 48 h following the seeding, coverslips which cells
were grown on them, rinsed twice with PBS. Cells were fixed in 4%
PFA for 10 min at RT, or in ice-cold methanol for 20 min at -20°C
depending on the antibody staining required. Coverslips were then
washed three times in PBS and permeabilised with 0.25% Triton X-
100 for 5-10 min at room temperature. The cells were again washed
in PBS three times before blocking in 5 % BSA for 1h at RT or
overnight in 4°C and followed by 1h at RT. The primary and secondary
antibody staining conditions are mentioned in Table 3.2. The
coverslips were generally incubated with primary and secondary
antibodies for 1h at 37°C in dark. There would be three washes with
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PBS between primary and secondary antibody incubations. Following
the final three PBS washing, slides were mounted using vectashield
media with DAPI. Images were captured on a Deltavision using
Softworx software (Applied Precision, Issaquah). 0.2-0.5um Z-stacks
were collected, deconvolved using Huygens software, projected,
merged, and analysed using FIJI Imaged version 1.52n software.

Table 3.2. List of antibodies and conditions used for immunofluorescence
staining

Primary Antibodies
Antibody Dilution Blocking |[Species |Manufacturer Catalogue
Number
53BP1 1:500 5% BSA Mouse Thanos None-commercial
53BP1 1:500 5% BSA Rabbit Novus NB100-304
KIF18B 1:200 5% BSA Rabbit Sigma Aldrich HPA024205
aTubulin- 1:20 % BS . .
B512 :200 5% BSA Mouse Sigma Aldrich T5168
yH2AX 1:1000 5% BSA Mouse Millipore 05-636
Secondary Antibodies
FITC anti- Jackson
G 1:200 5% BSA Goat 115-096-062
mouse Ig Immunoresearch
FITC anti- 1:200 5%BSA | Goat Jackson 111-096-045
. . 0 - -
rabbit IgG Immunoresearch
TRITCanti- | 4.5, 5% BSA | Donkey Jackson 711-025-152
. () = =
mouse IgG Immunoresearch
TRITC anti- Jackson
. 1:200 5% BSA Donkey 711-025-151
rabbit IgG Immunoresearch

3.3.6. siRNA Transfection

Counted 1.5x10° RPE1 or U20S cells were seeded in 35 mm dishes
and transfected with 40pmol of siRNA targeting Luciferase (Eurofins)
as control, and independent KIF18B targeting siRNAs (Eurofins) with
6 pl of Oligofectamine (Invitrogen) in 0.8 ml of Optimem (Invitrogen)
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per 35 mm dish. 3 h post-transfection, 0.5 ml of DMEM (without
penicillin and streptomycin) supplemented with 20% FBS and 4 mM L-
glutamine was added to the media. After 24 hours, 1 ml of DMEM with
10% FBS and 1% penicillin/streptomycin was added. Cells were
harvested 48 h following the siRNA transfection. Biological triplicates
were used for each siRNA treatment. sSiRNA sequences are listed in
Table 2.3.

3.3.7. cDNA transfection

HelLa cells were grown to 80-90% confluency and transfected with 1ug
of DNA and 2pl of Lipofectamine2000 (Life Technologies) diluted in
500 pl Opti-MEM (Gibco) added into 2ml DMEM with 10% FBS per 35
mm dish. Cells were grown for 48 h prior to analysis by

immunofluorescence and western blot.

3.3.8. Metaphase Spreads

Before trypsinising the cells, they were treated with 0.5 pg/ml Colcemid
for 2 h. Cells were then trypsinised and the pellet was resuspended in
5 ml of pre-warmed (37°C) hypotonic solution (75 mM KCI) and
incubated for 25 min at 37°C. Five millilitres ice-cold fixative
(methanol/acetic acid, 3:1) was added to the swelled cells to stop the
hypotonic progress. Cells were then centrifuged for 5 min at 1200rpm.
The pellet resuspended dropwise in 5ml cold fixative. This fixation step
was repeated, and cells were finally resuspended in approximately
200yl of fixative solution. Cells can be stored at -20 °C.

For spreading, 12ul of fixed cells were dropped onto superfrost or
polylysine coated slides from the distance of 1cm and air-dried
overnight at RT to age the chromosomes.
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3.3.9. Telomere FISH

Slides were immersed in PBS for 15 min before fixation in 4%
paraformaldehyde in PBS for 4 min at 37°C. Slides were washed twice
in PBS at 37°C for 5 min and incubated with 500ul of RNAse A
(100ug/ml in 2X saline-sodium citrate buffer, SSC) for 1h at 37°C.
Slides were washed three times in 2x SSC and once in ddH20 for 30
sec prior to treatment with pepsin (0.005% solution pH 2.0) for 4 min
at 37°C. After a brief rinse in PBS, the paraformaldehyde fixation and
PBS washes were repeated, and the slides were dehydrated in a cold
ethanol series (1 min in 70%, 85%, and 100% ice-cold ethanol) and

air-dried.

Hybridization buffer containing 60% formamide, 20 mM NaxHPO4 pH
7.4,20 mM Tris pH 7.4, 0.1ug/ml salmon sperm DNA, 2X SSC buffer,
and 200nM telomere PNA (TelC-FAM, Eurogentec, Seraing, Belgium)
probe was denatured at 90°C for 5 min while slides were incubated at
85°C for 5 min. 50yl of denatured hybridisation probe was added to
the slide and a coverslip was placed on top to prevent evaporation.
Slides were incubated with the probe for 10 min at 85°C in
hybridisation chamber and then incubated for 1-2 h at RT in the dark.
Slides were rinsed in wash solution (2XSSC containing 0.1% Tween
20) at RT and then washed twice in pre-warmed (60°C) wash solution
for 10 min at 60°C, and then once more washed at room temperature
for 1 min. Slides were then washed for 2 min in 2XSSC, 1XSSC, and
deionised water prior to air-drying and mounting with Vectashield and
DAPI (Vector Laboratories). Slides were sealed with a coverslip and
images were captured using 100x magnification and 0.2um Z stacks
on a Deltavision using softworx software (Applied Precision, Issaquah)

and deconvolved using Huygens software and analysed.

3.3.10. Telomere fusion assay and cDNA rescue

1.5x10° HeLa Tet-inducible cells were seeded 24h prior to the first day

of the experiment. DoxyCycline was retained at the concentration of
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1pg/ml from day 1 to 7 in culturing media to induce efficient TRF2

depletion.

siRNA transfection targeting KIF18B has done using Oligofectamin on
days 1 and 3. Expression of KIF18B full length and mutated versions
to check the phenotype rescue, carried out on day 5. Using
Lipofectamin, the cells co-transfected with siKIF18B and RNAI-
insensitive full length KIF18B-GFP, KIF18B-GFPA™, and KIF18B-
GFPMP_ Finally, on day 7 cells were harvested for WB, IF and

metaphase spread.

3.3.11. Statistical methods

For quantified microscopy experiments three biological replicates were
completed with a constant number of cells per condition per biological
replicate which is indicated in each figure legend. Sample sizes were
selected to be as large as biologically and technically feasible within
our experimental conditions. The mean difference of each condition
was individually compared to control via Student t-test. The variance
was similar between the groups that are being compared. GraphPad

Prism 8.2.1 software was used for all standard statistical analyses.
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3.4. Results

3.4.1. KIF18B co-localises with 53BP1 at IRIF

In the SILAC proteomic screening carried out in our laboratory to
investigate the 53BP1 interactome, KIF18B had a relatively high score,
placing amongst known interacting partners of 53BP1, such as p53,
Usp28, and Plk1. The interaction score describes the relative
enrichment of the peptide detected compared to negative control cell
extracts with untagged 53BP1. In vivo, co-immunoprecipitation of
KIF18B with 53BP1 has been shown previously in our lab (See
appendix V) and the interacting motif of KIF18B with 53BP1 has
mapped (Frizzell, 2015).

Followed by showing the in vivo interaction of KIF18B and 53BP1, we
sought to investigate if KIF18B and 53BP1 Co-localise in damaged
cells concerning 53BP1 IRIF (Figure 3.1.). 53BP1 is known to have a
critical role in repair pathway choice and as one of the vanguard
proteins recruited to the DSB contributing to foci formation (Chapman
et al.,, 2012a). We gamma irradiated HelLa cells with 3 Gy and
subsequently stained them for KIF18B and 53BP1 after 45 min. As
shown in Figure 3.1. A, 53BP1 formed, IRIF in irradiated cells and
nuclear bodies, also known as G1 bodies, in unirradiated cells.
Interestingly, KIF18B co-localised with 53BP1 at both IRIF and nuclear
bodies (Figure 3.1. A). The same result was reproduced in U20S cells
(Figure 3.1 B). To confirm that the co-localisation is not due to bleed-
through from one channel into the other, we stained cells for 53BP1
only, using Tetramethylrhodamine (TRITC) and imaged in both red
and green channels (Figure 3.1.C). Reciprocally, stained cells for
KIF18B only using Fluorescein isothiocyanate (FITC) and imaged
them in green and red channels (Figure 3.1.D). Analysis of the images
showed no bleed-through between these channels.
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Figure 3.1. KIF18B and 53BP1 co-localisation in human cells

Immunofluorescence of KIF18B and 53BP1 in HeLa (A) and U20S (B) cells in both conditions
of unirradiated (control, nolR) and 45 min post 3Gy irradiated (IR) as indicated on the left.
DNA staining by DAPI is presented in blue, 53BP1 staining is shown as red and KIF18B as
green (Columns 1, 2, and 3, respectively). The fourth column presents the merged
fluorescence of green and red channels. The fifth column in panel A and B shows an
enlargement of the area highlight by a white box in the fourth column. (C) U20S cells were
stained for 53PB1 only to confirm no bleed through in FITC channel. (D) U20S cells were
stained for KIF18B only to confirm no bleed through in TRITC channel. The scale bars
represent 25um.

To authenticate the co-localisation of 53BP1 and KIF18B, and to rule
out any unspecific binding of the antibodies, we used another
technique called the Supernova tagging system. In this system, the
cells are co-transfected with two plasmids. One of them encodes the
protein of interest, which is tagged with up to 24 copies of an epitope
from the budding yeast transcription regulator, GCN4, with intervening
linker sequences (Sun-tagged protein). The other plasmid encodes the
single-chain variable antibody fragment (scFv) specific to the epitope
from GCN4 (scFv-GCN4) fused to GFP for visualisation (scFv-GCN4-
GFP). As a result of the binding of GFP-scFv to the tandem repeats,
the tagged protein would glow up with 24 GFP molecules, resulting in
a bright signal (Tanenbaum et al., 2014) (Figure 3.2.A). Another
version of GFP-scFv containing NLS sequence can be used in this
system to sequester the unbound GFP-scFv proteins to the nucleus
when visualisation of cytoplasmic proteins is desired. First, to control
the proper expression of the proteins in this system, we expressed
only the GFP-scFv in HelLa cells, which resulted in a diffuse GFP
signal all over the cell including cytoplasm and nucleus (Figure 3.2. B).
We also expressed the GFP-scFv-NLS to check if we can use it to
better visualise nuclear KIF18B, but due to the high amount of GFP
signal in the nucleus, it was impossible to distinguish between
KIF18BSN and unbound GFP-scFv-NLS (Figure 3.2. B). We have used
a SUN-tagged truncated version of kinesin-1 (K560) to control the
expression of another tagged protein other than KIF18B. The
expression of K560SN-GFP-scFv in Hela cells resulted in a
cytoplasmic GFP signal representing K560 as expected (Figure 3.2.

B). To investigate the co-localisation of KIF18B and 53BP1, we co-
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expressed SUN-tagged KIF18B and GFP-SCFV in HelLa cells (Figure
3.2. C). The cells were irradiated (45min post 3Gy) and treated with
cytoskeletal extraction buffer (CSK) prior to fixation to extract proteins
that are not stably anchored to cell structures. Cells were stained for
53BP1 and KIF18B was detectable with GFP signal. Similar to our
prior IF experiments, this approach also showed co-localisation of
KIF18B and 53BP1 at IRIFs.
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Figure 3.2. Detection of KIF18B by using the Supernova tagging system

(A) Schematic of the supernova tagging system; showing the protein of interest, KIF18B,
tagged to a polypeptide composed of 24 tandem GCN4 repeats recognised by GFP tagged
scFv having an NLS or not. (B) The first row shows a representative HelLa cell transfected
only with the cDNA encoding scFV-GFP, fixed after 48 h of transfection. The second row
shows a representative HelLa cell transfected with the cDNA encoding scFV-NLS-GFP,
sequestering the expressed GFP fusion proteins to the nucleus, fixed after 48 h of transfection.
The third row shows a representative HelLa cell which was co-transfected with K560-24GCN4
construction and scFV-GFP, fixed after 48 h of transfection. The first column represents DAPI
staining. The second column represents GFP in FITC channel and the third column is the
merge of DAPI and FITC. (C) Immunofluorescence staining of 53BP1 in HelLa cells, co-
transfected with KIF18B-24GCN4 and GFP-scFv, with and without CSK treatment as
indicated on the left. Forty-eight hours after transfection, cells were irradiated (45 min post
3Gy) and stained with 53BP1. DAPI-stained DNA is shown in blue, 53BP1 in red, and
KIF18BSN in green (columns 15t to 3). In the fourth column, all three channels are merged.
The fifth column represents the enlargement of the selection in the merged image. The scale
bar represents 25 pm.

3.4.2. Recruitment of 53BP1 is dependent on KIF18B

We have observed co-localisation of KIF18B with 53BP1 at DSBs
(Figure 3.1. & 3.2.). To determine if KIF18B is required for the
localisation of 53BP1 to the vicinity of DSBs, we examined 53BP1 focal
recruitment to IRIF in the presence or absence of KIF18B by using
siRNA-mediated depletion (Figure 3.3 A). We quantified the absolute
number of 53BP1 foci per cell before and after 15, 30- and 60-minutes
post 3Gy irradiation in U20S cells (Figure 3.3. B). In un-irradiated
cells, very few foci were detected, typically five, which includes the
large bright foci seen in G1 cells that have been characterised as
53BP1 Nuclear Bodies (Lukas et al., 2011), as well as smaller and less
intense foci that presumably correspond to sites of endogenous DNA
damage (Figure 3.3.A). At 15 minutes post IR; control cells averaged
37 of 53BP1 IRIFs, which increased to 44 at 30 minutes followed by
decreasing back to 37 at 60 minutes (Figure 3.3.B). KIF18B depleted
cells displayed significantly fewer 53BP1 IRIF at all time-points,
corresponding to 23, 29, and 29 at 15-, 30- and 60-minutes post IR
while KIF18B depletion was efficient at all time-points (Figure 3.3.C).
The difference in 53BP1 IRIF in control and KIF18B depleted cells
suggests a role for KIF18B in 53BP1 recruitment to IR-induced foci at
DSBs.

100



Chapter 3

A.
No IR 15 min/IR 30 min/ IR 60 min/IR

-

—

Q

(7]

a1)]

[o0)

<~

L

X

-
B 601 C.

nolR 15min 30 min 60 min

8 SKIF18B - + - + - + - +

©

L 98 kDa—| s — — -_— KIF18B
T (98kDa)
Qg 50 kDa—

© -— e w— e e e = e | Actin
5 (42kDa)
e}

z

— siCTL Ponceau staining
. -- siKIF18B
0 20 40 60

Time post IR (min)

Figure 3.3. 53BP1 recruitment to the IR-induced foci depends on KIF18B

(A) Representative images of 53BP1 immunofluorescence in U20S cells, transfected with
control and KIF18B targeting siRNAs as indicated on the left. It is showing un-irradiated cells
(No IR, as control cells) versus 3Gy irradiated U20S cells at three time points (15, 30, and 60
minutes after irradiation). The inlet in each panel shows an enlarged example of a selected
cell in the panel. The scale bar is equal to 25um. (B) Quantification of 53BP1 IR-induced foci
(IRIF) using Fiji ImagedJ version 1.52n software. 200 cells were counted per condition in each
experiment. Three replicates were carried out and Student t-test was used to statistically
analyse the significance of the difference between 53BP1 IRIF average numbers in control
and KIF18B depleted cells. Statistical analysis performed using GraphPad Prism 8.2.1. The
error bars represent the SEM across 3 independent repeats. The significance of the difference
is presented as ***P<0.0001 and **P<0.001 (C) Western blot indicating the efficient
knockdown of KIF18B in unirradiated cells and three time points post 3Gy irradiation. The
detection of actin in the extracts and the Ponceau S staining of the blotting membrane served
as loading controls.
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3.4.3. KIF18B depletion decrease the rate of DSBs repair

Phosphorylation of the histone variant H2AX at serine 139 in its C-
terminal tail (ASQEY motif) in megabase domains of chromatin
flanking DSBs, is an early event in the response to DSBs that
correlates with their repair (Rogakou et al., 1998). The peak for yH2AX
foci formation following low to moderate doses of IR has shown to be
from 15 to 30 minutes immediately after damage and then will
decrease gradually within few hours. However, 10% of yH2AX is
detectable up to 48 hours after IR and corresponds to a slow
component of DSB to repair corresponding to heterochromatin
(Goodarzi et al., 2008; Nakamura et al., 2010).

As KIF18B depletion resulted in the abrogation of 53BP1 focal
recruitment to IRIF (Figure 3.3.), we hypothesised, this defect might
result in inefficient DSB repair. To assess the rate of DSB repair, we
monitored the number of yH2AX foci per cell in control and KIF18B
depleted cells at 15, 30- and 60-minutes post 3Gy irradiation (Figure
3.4.). Consistent with the amount of 53BP1 foci, detected in un-
irradiated U20S cells (Figure 3.3.), we similarly observed around 5
yH2AX foci counted in un-irradiated cells. This amount increased to 60
at 15 minutes post IR before falling to averages of 57 and 45 yH2AX
IRIF/cell at 30- and 60-minutes post IR indicative of ongoing repair
(Figure 3.4. B). In KIF18B-depleted cells yH2AX IRIF persisted for
longer throughout the time course, corresponding to an average of 64,
69, and 62 yH2AX IRIF per cell at 15, 30- and 60-minutes post
irradiation. Based on the observed persistence of yH2AX IRIFs as a
proxy for defective DSB repair, this data suggests that KIF18B plays a
role in facilitating the efficient repair of DSB.
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Figure 3.4. KIF18B is required for efficient double-strand break repair

(A) Representative immunofluorescence images of yH2AX in U20S cells, transfected with
control and KIF18B targeting siRNAs as indicated on the left. The panels show un-irradiated
cells (NolR) versus 3Gy irradiated cells at three time points (15, 30, and 60 minutes) as
indicated on the top. The scale bar is equal to 25um. (B) Quantification of yH2AX foci was
performed using Fiji Imaged version 1.52n software. 200 cells were counted per condition in
each experiment. Three replicates were carried out and Student t-test was used to statistically
analyse the difference between yH2AX foci average number in control and KIF18B depleted
cells. Statistical analysis performed using GraphPad Prism 8.2.1. The error bars represent the
SEM of 3 independent repeats. The significance of the difference is presented as ***P<0.0001,
**P<0.001, and ns: not significant.
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3.4.4. KIF18B depletion has no impact upon H4K20 di-
methylation

We have shown that KIF18B is required for efficient 53BP1 recruitment
to IRIF (Figure 3.3.); Furthermore, previous results from our laboratory
have shown that KIF18B also interacts with H4K20me2 but
distinctively to that of binding to 53BP1 (Frizzell, 2015). In fact, the
KIF18B’S TIM domain, an H4K20me2 peptide, and Tudor domain of
53BP1 form a trimetric complex while the presence of TIM domain
enhances the binding of the Tudor domain to H4K20me2 (Naoyuki
Sarai, et al., Unpublished) (Figure 3.5. A). To determine if KIF18B has
any effect on the H4K20 di-methylation level, which could impact the
formation of 53BP1 IRIFs, we examined the level of H4K20me2 in
HelLa, hTERT-RPE1, and U20S cells upon KIF18B depletion (Figure
3.5.B)

Based on the quantification of H4K20me2 in western blots of the Hela,
hTERT-RPE1, and U20S cells extracts, KIF18B depletion did not
have any effect on global H4K20 di-methylation in these cells (Figure
3.5. B). Thus, the dependence of 53BP1 recruitment to the DSBs on
KIF18B could be explained by the direct interaction of the KIF18B TIM
domain with the Tudor domain of 53BP1.
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Figure 3.5. H4K20 di-methylation is not affected by KIF18B depletion

(A)The table shows the essential residues of 53BP1 Tudor domain for its interaction with
KIF18B’s TIM domain and H4K20me2 (Naoyuki Sarai, et al., unpublished). (B) Western blot
analysis of H4K20me2 in HelLa, U20S, and RPE1 cells after KIF18B depletion in un-irradiated
(Control) and 3Gy irradiated cells. Two independent siRNAs were used to knockdown KIF18B.
The quantification of the western blot bands density probed for H4K20me2 was carried out
using Fusion software v18.05. The error bars represent the SEM across 3 independent
repeats. Student t-test was used to compare the difference between control and KIF18B
depleted cells in both non-irradiated and 3Gy irradiated conditions. ns: not significant.
Statistical analysis performed using GraphPad Prism 8.2.1. Actin detection and Ponceau S
staining served as loading controls of the extracts. Representative western blots are shown.
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3.4.5. KIF18B is required for fusion of de-protected telomeres

Our work has characterised a previously unreported interaction
between human 53BP1 and KIF18B (Figure Ill.1) (Frizzell, 2015), as
well as their co-localisation at DSBs (Figure 3.1.). Given that the
efficient recruitment of 53BP1 to IRIF is dependent upon KIF18B
(Figure 3.3.), we sought to test if the role of 53BP1 in the fusion of de-

protected telomeres is also dependent upon KIF18B (Figure 3.6.).

We used a previously developed human HelLa cell line, stably
expressing a Tet-inducible shRNA targeting TRF2 upon the addition
of DoxyCycline. (Grolimund et al., 2013). We examined the role of
KIF18B along with 53BP1 in the fusion of de-protected telomeres,
occurring by NHEJ of the DSBs resulted from telomere de-protection.
Efficient depletion of the TRF2 protein to de-protect telomeres was
achieved by incubating the cells with DoxyCycline (1ug/ml) for 7 days.
To maintain siRNA-mediated depletion of KIF18B and 53BP1 during
the 7-day induction of telomere de-protection, siRNAs were
transfected three times on days 1, 3, and 5 of the experimental
protocol (Figure 3.6. A). This protocol resulted in the efficient depletion
of TRF2.

Un-transfected cells without depletion of TRF2 (UT, no Dox) showed
no evidence for chromosome fusion (Figure 3.6. C & D). Addition of
Dox (UT, +Dox) to induce depletion of TRF2 resulted in an average of
5.0 fusions per spread. Similarly, in control siRNA transfected cells
(siCTL/+Dox) an average of 5.1 chromosome fusion events were
observed. However, in cells depleted of both 53BP1 and TRF2
(si53BP1/+Dox) the average number of chromosome fusions was
reduced from approximately 5 to just 0.7, confirming that 53BP1 is

required for fusion of de-protected telomeres.

Two independent siRNAs targeting KIF18B (siRNA#1 and #2) were
used to assess the role of KIF18B in the fusion of de-protected
telomeres. The first (SiRNA#1) resulted in an average of 1.3 and the

second (siRNA#2), 0.4 fusions of de-protected telomeres per
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metaphase spread, suggesting a role for KIF18B in this process similar
to that of 53BP1. To assess the relationship between KIF18B and
53BP1 in de-protected telomere fusion, we assessed the effect of both
proteins’ depletion. The double knockdown (siKIF18B #1 and
si53BP1) resulted in an average of 1.0 fusions per spread, similar to
either of the single depletions (Figure 3.6. B & C).

Altogether, this data confirmed the previous studies indicating a role
for 53BP1 in the fusion of de-protected telomeres (Dimitrova et al.,
2008), and extends this observation to suggest that KIF18B is also
required for efficient telomeric fusion. Furthermore, as double
depletion of both 53BP1 and KIF18B did not result in an additive defect
in telomeric fusion, it suggests an epistatic relationship between
53BP1 and KIF18B. Thus, 53BP1 and KIF18B may function in the

same pathway with respect to the fusion of de-protected telomeres.
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Figure 3.6. KIF18B is required for fusion of de-protected telomeres along with
53BP1

(A) Schematic of the experiment plan indicating culturing HeLa cells with media containing 1
pg/ml Dox for 7 days and also the cells were transfected with siRNA on days 1, 3, and 5. (B)
Representative images of telomere FISH (Fluorescent In Situ Hybridisation) of HeLa cells
upon de-protection of telomeres in controls (UT: Untransfected and siCTL: control siRNA),
KIF18B depleted cells (siKIF18B), 53BP1 depleted cells (si53BP1) and Kif18B-53BP1 co-
depleted cells (siKIF18B#1/53BP1). (C) The western blot indicating efficient knockdown of
KIF18B, 53BP1, and TRF2. The Tubulin and Ponceau S staining used as loading and protein
transfer control. Quantification of fusions at both ends of chromosomes was carried out
manually in 30 spreads per condition in three repeats. Error bars represent the SEM of the
three repeats. Student t-test was used to compare the difference between control and KIF18B,
53BP1 and KIF18B/53BP1 depleted cells. **P<0.005.
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3.4.6. Both motor domain and TIM domain of KIF18B are
required for fusion of unprotected telomeres

We have shown the requirement of KIF18B along with 53BP1 for
fusion of de-protected telomeres (Figure 3.6.). Depletion of KIF18B
with two independent siRNAs, resulted in the loss of telomere fusion
similarly to 53BP1 depletion. However, to provide further confirmation,
we asked whether the re-expression of KIF18B in cells, in which
expressed KIF18B from the endogenous KIF18B gene has been
depleted, could rescue the defect in chromosome fusions. To perform
this rescue experiment, we needed to express the KIF18B cDNA from
an expression construct at endogenous levels, which proved

challenging.

We used a KIF18B-GFP cDNA construct (Tanenbaum et al., 2011),
which hugely overexpressed KIF18B-GFP with respect to the
endogenous KIF18B gene (Figure 3.7. A). To reduce KIF18B-GFP
expression to close to endogenous KIF18B levels we tried several
approaches. Firstly, we diluted the cDNA construct expressing
KIF18B-GFP with its empty vector at different dilutions, which did not
make a considerable difference in expression level (data not shown).
Secondly, we used site-directed mutagenesis to abrogate the CMV
promoter driving KIF18B-GFP expression. We made three different
mutations within the TATA box of the CMV promoter, as well as a
version in which the TATA box was totally removed. However, as
Figure 3.7. B & C show, although KIF18B-GFP expression, reduced
but was still significantly overexpressed in comparison with the
endogenous level. Thirdly, we replaced the CMV promoter with HSV-
TK promoter with different truncations which were previously
introduced as a suitable promoter to overcome the overexpression of
the exogenous proteins (Figure 3.7. D) (Ali et al., 2018). Using HSV-
TK promoters TSC and 2ST also did not reduce KIF18B-GFP levels to
close to the levels from the endogenous KIF18B (WB not shown).
Fourthly, we decided to screen the stable cell lines expressing the

KIF18B-GFP cDNA and search for a clone expressing it at close to
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endogenous level. However, for reasons we could not decipher, while
the KIF18B-GFP cDNA was expressed at early passages (Figure
3.7.E), at later passages it was not detectable (Figure 3.7.F).
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Figure 3.7. Troubleshooting of the exogenous KIF18B expression prior to the
rescue experiment for de-protected telomere fusion

(A) Western blot indicating the exogenous KIF18B-GFP overexpression in comparison to the
endogenous KIF18B. (B) Expressing KIF18B-GFP (WT, MD, and ATIM) with TATA box
mutations within the CMV promoter, indicating WT and ATIM overexpression and MD
degradation. The detection of Tubulin served as a loading control (C) Changing vector to
pLPC-N MYC and TATA box mutation which did not reduce the KIF18B-GFP overexpression.
(D) Schematic demonstration of truncated versions of the HSV-TK promoter (schematic
adapted from Ali et al., 2018) (E) Transient successful expression of KIF18B-GFP (WT, MD,
and ATIM) to raise the optimum expressing clones and making stables. The detection of
Tubulin served as a loading control. (F) KIF18B-GFP degradation in selected clones as
indicated on the top.
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Finally, we devised a protocol involving transient expression of the
RNAi-insensitive-KIF18B-GFP cDNA, coupled with two independent
siRNAs transfections to express the cDNA at close to endogenous
levels. This protocol uses one siRNA specific to the endogenous
KIF18B gene, which the KIF18B-GFP construct is resistant to it, and
another independent siRNA that targets both the endogenous and the
exogenously expressed KIF18B-GFP cDNA (see Table 2.3. for siRNA
sequences). As shown in Figure 3.8. A and B, in this protocol
transfection of siRNAs carried out on days 1, 3 and 5 to keep the
KIF18B depleted, while Dox inducible TRF2 shRNA expression is
ongoing. On day 5, the siRNA transfection is coupled with transfection
of KIF18B-GFP (WT as well as mutant versions) cDNA constructs,
which is, 48 h prior to harvesting the cells. This protocol allowed
KIF18B-GFP and mutant versions to be expressed at levels close to
endogenous KIF18B while the endogenously expressed KIF18B is

depleted.

As shown in Figure 3.8. B & C, KIF18VT-GFP rescued the average
number of chromosome fusions to levels very similar to that observed
in control cells (UT/+Dox and siCTL/+Dox), supporting a role for

KIF18B in this process.

To further investigate the mechanism of KIF18B involvement in de-
protected telomere fusion, we used two mutated versions of KIF18B-
GFP in our cDNA rescue assay of the de-protected telomere fusion
defect upon KIF18B depletion. One of the mutated versions lacks the
Tudor Interaction Motif (KIF18B2™-GFP) to determine whether the
direct interaction of KIF18B with 53BP1 is required for fusion of de-
protected telomeres. The other mutated version corresponds to a
motor defective version of KIF18B (KIF18MP-GFP) (Tanenbaum et al.,
2011), harbouring the H300A, R304A, and K307A mutations (kind gift
from René H Medema, University Medical Centre Utrecht).

Un-transfected cells lacking TRF2 (UT/+Dox), as well as those
transfected with control siRNA (siCTL/+Dox) both displayed an
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average of approximately 5 fusions per metaphase spread which
reduced to less than one (0.8) upon KIF18B depletion, as expected
based on our previous result (Figure 3.6. B & C, Figure 3.8. B & C).
While KIF18BWT-GFP was able to rescue the telomere fusion to an
average of approximately 5 fusion per spread, chromosome fusion
events remained at 1.4 and 1.2 fusion per spread upon expression of
KIF18BA™-GFP and KIF18MP-GFP (Figure 3.8. B & C). This result
suggests that KIF18B requires both, the interaction with 53BP1 as well
as its motor function, for the fusion of de-protected telomeres.
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Figure 3.8. TIM domain and motor domain of KIF18B are required for fusion of
de-protected telomeres

(A) Schematic showing the experimental design in which, HeLa Tet-inducible cells were
treated with 1 pg/ml DoxyCycline (Dox) for 7 days prior to harvest. Cells were transfected with
KIF18B targeting siRNA on days 1, 3, and 5. On day 5, cells simultaneously transfected with
siRNA and KIF18B"T-GFP, KIF18BAT™.GFP, and KIF18BMP-GFP (B) Graph showing
quantification of telomere fusions per metaphase spread. The Fusion of chromosome ends
scored manually and 30 spread analysed per condition. The data are indicating the average
of three independent experiments and error bars represent the SEM of the three repeats.
Statistical analysis was carried out using Student t-test by GraphPad Prism 8.2.1 software.
The differences between control and KIF18B depleted cells as well as KIF18BWT-GFP
transfected cells and mutated versions shown as *P<0.05, **P<0.005, and ns: not significant.
The western blot indicates the efficient knockdown of KIF18B and TRF2 as well as expression
of KIF18B-GFP close to the endogenous level. The Tubulin and Ponceau S staining used as
loading and protein transfer control. (C) Representative images of telomere FISH (Fluorescent
In Situ Hybridisation) of HeLa cells in different conditions as indicated in (B).
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3.4.7. KIF18B is required for 53BP1 recruitment to Telomere
Dysfunction-Induced Foci

Formation of yH2AX and consequent accumulation of DDR proteins,
including 53BP1, RAD17, ATM, and MRE11, upon de-protection of
telomeres has been referred to as a Telomere Dysfunction-Induced
Focus (TIF), which can be easily detected by immunofluorescence
staining with the appropriate antibodies (Takai et al., 2003).

We quantified TIFs as another readout to confirm the involvement of
KIF18B in fusion of de-protected telomeres using our cDNA rescue
protocol (Figure 3.9. A). As before, DoxyCycline was used to induce
expression of TRF2 shRNA expression, resulting in depletion of TRF2
which leads to uncapping or de-protection of telomeres. TIFs were
detected by using an antibody specific to 53BP1. We considered cells
with more than 4 TIFs as being TIF positive cells. Note that many
exponentially growing cells display large bright 53BP1 foci
corresponding to 53BP1 nuclear bodies that form in G1 cells (Lukas et
al., 2011). We quantified 16% of cells as TIF positive in untreated
condition, which increased to 63% and 58% upon addition of Dox to
both un-transfected (UT/+Dox) and control siRNA transfected (siCTL/
+Dox) cells (Figure 3.9. B). Upon depletion of KIF18B, the TIF positive
cells reduced to 38%, which increased to 55% by re-expression of
KIF18BWT-GFP. Upon expression of KIF18B-GFP lacking Tudor
Interacting Motif (KIF18BATM-GFP), the motor defective (KIF18BMP-
GFP) and the double mutated (KIF18BAT™M*MD_GFP), the percentage
of TIF positive cells drops to 34%, 42%, and 41% respectively (Figure
3.9. B). Quantification of the average number of 53BP1 TIFs per cell
also showed an increase from 0.2 in untreated cells to 5.5 and 4.4 in
Dox treated, un-transfected, and siCTL transfected cells respectively.
KIF18B depletion reduced the TIF numbers to 2.7, which was rescued
by KIF18BWT-GFP expression to 4.5 and remained at 2.1, 2.6 and 2.7
by expressing KIF18BMP-GFP, KIF18BA™-GFP and the double
mutant KIF18BMP*ATIM.GFP in endogenous KIF18B depleted cells,
respectively. This result supports the KIF18B requirement for 53BP1
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recruitment to the TIFs in order to mediate deprotected telomere fusion
through NHEJ. Furthermore, we have shown mechanistically both TIM
and motor domains of KIF18B are necessary for fulfilment of its role in

53BP1 recruitment to TIFs and fusion of de-protected telomeres.

115



Chapter 3

DAPI

53BP1

i

siKIF18B#1&2+Dox
KIF18BA™

KIF18BMP KIF 18BMD-ATIM

DAPI

53BP1

@
o)

8+ 80+

] 2L ns
% ns KKK 8 * * .
L|L__ 6- ****** g 607 z .
% 4 : § 40 %
ol E 95%% IIé %
° 1 HIE KN %
2
s | BIE | = A1\
DOX + + + + + + + - + + + + + + +
siCTL - - + - - - - - - - + - - - - -
siKIF18B#1&2 - - - + o+ + + o+ - - - + o+ + + o+
KIF18B - - - - + - - - - - - - + - - -
KIF18BA™ - - - - - + - - - - - - - + - -
KIF18B™> - - - - - - + - - - - - - - + -
KIF18BAT™MMD - - - - - - - -+ - - - - - - -+
Figure 3.9.
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Figure 3.9. The Telomere Dysfunction-Induced Foci formation upon telomeres
de-protection requires both KIF18B’s TIM and motor domains.

(A) Representative images of immunofluorescence of 53BP1 in HeLa Tet-inducible cells upon
telomere de-protection in control and KIF18B depleted cells as well as conditions in which
KIF18B wild type, ATIM, and MD were ectopically expressed while endogenous KIF18B was
depleted. The first row of each block indicates DAPI staining and the second row shows
53BP1 staining. The scale bar is equal to 25um. (B) Quantification of the number of Telomere
Dysfunction-Induced Foci (TIFs) per cell in indicated conditions in (A). (C) Quantification of
the percentage of TIF positive cells in indicated conditions in (A). Quantification of TIFs is
performed using FIJI ImageJ version 1.52n. Three independent experiments carried out and
error bars represent the SEM of the three repeats. >300 cells were analysed per condition in
each experiment and Student t-test was used to compare the difference between Control and
KIF18B depleted cells as well as KIF18BWT-GFP transfected cells and mutated versions.
***P<(0.0001, *P<0.05 and ns: not significant.

3.4.8. Microtubule poisons and KIF18B depletion are epistatic
in 53BP1 recruitment to IRIF

In agreement with the involvement of the motor domain of KIF18B in
focal recruitment of 53BP1 at the DBSs, we hypothesised that there
might be a dependency of the 53BP1 IRIF on microtubule filaments,
as the KIF18B trajectory. To address this question, we used
microtubule poisons to investigate if they have any effect on 53BP1
IRIF. We used Nocodazole as a microtubule depolymerising agent
(Hoebeke et al., 1976a) and Taxol as a microtubule stabiliser
(Hoebeke et al., 1976b). We quantified the number of 53BP1 IRIFs in
U20S cells, treated with Nocodazole and Taxol post 3Gy irradiation
and compared it with KIF18B depleted and irradiated cells (Figure
3.10.).

In un-irradiated control cells, 9 53BP1 foci were counted as the basal
level of DNA damage (Figure 3.10. B). We counted an average of 51
foci/cell in untreated cells post irradiation which decreased to 40 and
35 foci/cell upon Nocodazole and Taxol treatment respectively,
compared to 37 foci/cell after KIF18B depletion. We also treated the
KIF18B depleted cells with Nocodazole and Taxol and an average of
36 foci/cell were quantified in both cases.

Altogether, our data is showing the disruption of the microtubule
network reduced 53BP1 focal recruitment to the DSBs, in accordance
with a previous study reporting the role of microtubules in the
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trafficking of the proteins involved in DDR including 53BP1
(Poruchynsky et al., 2015). In this work trafficking of the DNA damage
response proteins into the nucleus was shown to be dependent upon
microtubules as treatment of cells with microtubule poisons resulted in
DDR proteins being sequestered into the cytoplasm. Besides, we
showed the efficient focal recruitment of 53BP1 does not only depends
on the microtubules but also requires a functional KIF18B. Finally, the
KIF18B depleted cells treatment with microtubule poisoning agent
does not show any additive effect on 53BP1 IRIF abrogation, which
can suggest that KIF18B and microtubules are working in the same
pathway for 53BP1 focal recruitment to the DSBs.
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Figure 3.10. Microtubule poisoning and KIF18B depletion resulted in 53BP1
abrogation at IRIF.

(A) Representative images of 53BP1 immunofluorescence in HelLa cells showing control
unirradiated cells versus those treated with Taxol, Nocodazole, and KIF18B siRNA post 3Gy
irradiation as indicated on left. The first column presents DAPI. Tubulin and 53BP1 are shown
in the second and third columns. The fourth column is the enlargement of the selection in thde
third column. The fifth column is the merge of Tubulin in red and 53BP1 in green. The scale
bar represents 25 uym. (B) Graph showing quantification of the number of 53BP1 foci per cell
in different conditions using FIJI ImagedJ version 1.52n. >250 cells were analysed per
condition. The mean of three independent experiments is shown and error bars represent
SEM of these repeats. Student t-tests were used to compare the difference between siControl
transfected cells and the cells upon different treatments after irradiation. ***P<0.0001 (C)
Western blots confirm the efficient KIF18B depletion as well as tubulin hyperacetylation upon
Taxol treatment. Actin detection served as a loading control.

3.5. Discussion

The proteomic screening carried out in our lab to investigate the
53BP1 interactome revealed a relatively uncharacterised kinesin 8
family member, KIF18B, as a highly scored interacting partner.
Mapping the region of KIF18B that interacts with 53BP1 resulted in
recognition of a Tudor Interaction Motif (TIM) near the C-terminal of
KIF18B that interacts with the 53BP1 Tudor domain.

We have shown KIF18B is a 53BP1 interacting partner that co-
localises with 53BP1 at DSBs. Immunofluorescent staining of
endogenous KIF18B and 53BP1 showed their co-localisation at IRIF
in gamma irradiated cells. This co-localisation was also confirmed by
observation of overexpressed Sun-tagged KIF18B co-localising with
53BP1 at IRIF. Together, KIF18B recognition as a 53BP1-interacting
partner and co-localisation with 53BP1 at DSBs suggested that
KIF18B is involved in the DDR.

In addition, KIF18B co-localised with 53BP1 at the nuclear bodies in
G1 cells. Nuclear bodies are proposed to be comprised of un-
replicated DNA remnants from the S phase. Recruitment of 53BP1 to
these nuclear bodies indicates recognition of them as DNA damage
sites by cell repair machinery and KIF18B co-localisation with 53BP1

at these spots suggested that KIF18B is involved in the DDR.
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The nuclear localisation of KIF18B during interphase, its biochemical
interaction with 53BP1 in cellular extracts, and co-localisation with
53BP1 at IRIF suggested that KIF18B may be involved in 53BP1
recruitment to IRIF. In support of this. we found that 53BP1 focal
recruitment to IRIF was abrogated in KIF18B depleted cells. However,
it is possible that the role of KIF18B in 53BP1 recruitment was either
through direct interaction of its C-terminal with 53BP1 Tudor domain
or indirectly via affecting other essential factors for 53BP1 recruitment.
We ruled out the loss of H4K20 di-methylation upon KIF18B depletion
by showing that H4K20me2 level in HelLa, U20S, and hTERT-RPE1
cells were unaffected by KIF18B depletion. In addition, it has been
shown recently in our laboratory that KIF18B also interacts with
H4K20me2 (Naoyuki Sarai, unpublished data). In fact, the 53BP1
Tudor domain interacts with both KIF18B and H4K20me2 using
neighbouring but different amino acids residues. In vitro assessment
of this trimeric complex showed that the addition of KIF18B peptide
corresponding to its TIM domain resulted in a more stable binding of
the 53BP1 Tudor domain to H4K20me2. Thus, the KIF18B protein may
be required to enhance the interaction between 53BP1 and

H4K20me2 modified nucleosomes in vivo.

H2AX phosphorylation at DSBs is one of the earliest detectable events
which can be used as an indicator of DSB; the gradual decrease in
yH2AX foci number is a sign of repair (Lobrich et al., 2010). In normal
cells, yH2AX foci detection starts from 3 minutes post IR and the
decrease is identifiable from approximately 30 minutes post IR after
reaching the peak, depending on the DNA content and severity of
damage (Lobrich et al., 2010). When we depleted KIF18B, we
observed a significant delay in yH2AX foci resolution, further
implicating KIF18B in DNA damage repair.

The fusion of de-protected telomeres is a 53BP1 and NHEJ mediated
process (Dimitrova et al., 2008). We have shown that KIF18B is also

required for these fusion events and probably does so in a pathway
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shared with 53BP1, as both genes appear to function epistatically in
the fusion of de-protected telomeres.

Importantly, re-expression of exogenous KIF18B was able to rescue
the loss of telomere fusion in KIF18B depleted cells, allowing us to rule
out the off-target effect of the siRNA used. Further investigation of the
role of KIF18B in dysfunctional telomere fusions revealed that both the
motor function of KIF18B as well as its TIM domain are required for

the fusion.

In addition to regulating fusion of de-protected telomeres, KIF18B
depletion reduced 53BP1 focal recruitment to TIFs as well as to 53BP1
IRIFs. Furthermore, we showed that efficient focal recruitment of
53BP1 to Telomere Dysfunction-Induced Foci (TIFs) depends on both
KIF18B motor function as well as the TIM domain, while the double
mutant (defective motor domain and deleted TIM) does not cause an
additive reduction in 53BP1 TIF formation, indicating that both the
motor domain and TIM work in the same way to promote efficient
53BP1 recruitment to TIF.

DDR proteins are trafficked to the nucleus via the microtubule network
(Poruchynsky et al., 2015). Abrogation of 53BP1 IRIF formation upon
treatment of cells with microtubule poisoning agents is in agreement
with the requirement of a microtubule routed kinesin, KIF18B, for
53BP1 focal recruitment to DSBs. Based on the similar effect of
KIF18B depletion and microtubule poisoning on 53BP1 IRIF formation,
we postulated that KIF18B motor function is required for 53BP1
recruitment to IRIF. As simultaneous microtubule poisoning and
KIF18B depletion did not cause any additive reduction in 53BP1
recruitment, KIF18B may require microtubules for displacing 53BP1 to
DSBs. Nevertheless, investigation of 53BP1 IRIF formation in cells
expressing either KIF18B2™ or KIF18BMP, with both endogenous
KIF18B depletion and microtubule poisoning, has been suggested to
support our hypothesis.
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Chapter 4: Investigating the existence of
microtubules in the nucleus

123



Chapter 4
4.1. Summary

53BP1 is implicated in DSBs mobility including The movement of de-
protected telomeres and IR induced DSBs (Mirman and de Lange,
2020). Provided by our results, we have shown 53BP1 interaction with
a kinesin, KIF18B, and involvement of KIF18B in DDR. On the other
hand, we have shown motor domain of KIF18B is s required for 53BP1
recruitment to IRIFs and TIFs. Kinesins are motor proteins and require
microtubules to move along them through ATP hydrolysing.

Followed by published evidence of actin polymerisation in the nucleus
upon DNA damage in mammalian cells (Belin et al., 2015), as well as
formation of DNA damage-inducible intranuclear microtubule filaments
(DIMs) inside the nucleus of budding yeast (Oshidari et al., 2018), we
sought to investigate the existence of microtubules in the nucleus.

We constructed a cDNA to express a GFP labelled microtubule-
binding protein inside the nucleus as a biomarker to track any possible
microtubule inside the nucleus. The preliminary results are promising
and require more optimisation to find a definite answer to this

controversial question.
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4.2. Introduction

53BP1 is reported to promote microtubule-dependent DSBs mobility
and maintain the fusion of de-protected telomeres (Lottersberger et
al., 2015). Moreover, 53BP1 along with other damage response
proteins including ATM, DNA-PK, and Ku80 is involved in pairing of
DSB induced foci indicating the direct movement of neighbouring foci
which reduced by 53BP1 depletion (Yamauchi et al., 2017)

Our data indicates the requirement of the KIF18B motor domain as
well as the TIM domain for fusion of the de-protected telomeres and
53BP1 stained TIF formation. Moreover, we have shown the
dependence of 53BP1 efficient IRIF formation upon damage on
KIF18B. Since KIF18B is a kinesin, and the motor function is an
inevitable feature of it, it is not very unlikely to find the involvement of
53BP1 IRIF on the motor domain of KIF18B in accordance with the
fact that disruption of microtubule filaments abrogates 53BP1 focal
recruitment to IRIF.

We know the microtubules are the path for kinesins to move along
them upon ATP hydrolysing to transport the cargos across the cell.
Microtubules are abundant cytoplasmic fibres that have not been
reported in the nuclei of eukaryotes that undergo open mitoses.
Although in eukaryotes such as yeasts, which have closed mitoses,
they are present, by definition, within the nucleus (Laporte et al., 2013).
DNA damage-inducible intranuclear microtubule filaments (DIMs) also
specifically showed to be involved in repair in budding yeast, through
promoting the damaged DNA mobility and cooperating with Kar3 as a

kinesin-14 family member (Oshidari et al., 2018).

To address the mechanism of KIF18B motor domain involvement in
DDR through interaction with 53BP1, a provocative hypothesis is that
the motor function of KIF18B is microtubule-dependent within the
nucleus transporting 53BP1 and facilitating DSBs movement. Proving
this possibility would require nuclear microtubules to exist in the

nucleus under rare circumstances. For example, such fibres might
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only be present at very low concentration, be very short-lived and be
relatively short in length.

To investigate the probability of microtubule existence in the nucleus,
we constructed a cDNA, encoding the GFP tagged, microtubule-
binding domain of the Tau protein sequestered to the nucleus via three

NLSs in its sequence.

By expression of the construct in U20S cells confirmed the binding of
the construct to the microtubule from observing the mitotic cells. The
expression level of the cDNA should be optimized to avoid

overexpression resulting in odd structures in the cells.
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4.3. Materials and Methods

4.3.1. Cell culture

Cells were cultured at 37°C in a humidified atmosphere of 5% COs..
U20S, Hela, and HEK293T were cultured using DMEM
supplemented with 10% FBS (Biosciences). hTERT immortalized
RPE-1 cells were cultured in DMEM-F12 media supplemented with
10% FBS. All cell lines were cultured in 1% penicillin-streptomycin
(Biosciences).

4.3.2. Protein extraction

Protein extracts were prepared by lysing cells in lysis buffer (50mM
Tris-HCI, 0.5% NP40, 150mM NaCl, 10% glycerol, 1mM MgCla,
protease and phosphatase inhibitors) and a 1:1000 dilution of
Benzonase nuclease (Sigma Aldrich) for 45 min at 4°C. Samples were
centrifuged for 20 min at 14,000 rpm at 4°C, the supernatant was used
for downstream applications. The protein concentrations were

measured using Bradford reagent.

4.3.3. Western blotting

The concentration of proteins was adjusted to be the same and diluted
with 4X sample buffer (2.0 ml 1M Tris-HCI pH 6.8, 0.8 g SDS, 4.0 ml
100% glycerol, 0.4 ml 14.7 M 3-mercaptoethanol, 1.0 ml 0.5 M EDTA,
8 mg Bromophenol Blue). The separation of proteins carried out on
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred to a nitrocellulose membrane using
0.35 mA for 1h at 4°C. Membranes were blocked in 5% milk-TBST for
20 min at RT. The conditions for probing with the primary and
secondary antibody are mentioned in Table 4.1. Following overnight
probing for the primary Ab, membranes were washed 3 times with
TBST and incubated with the relevant secondary antibody for 60 min
at RT.
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Table 4.1. List of antibodies and conditions used for western blotting

Antibody |Dilution [Blocking |Species Manufacturer |Catalogue

Number

KIF18B 1:1000 |5% milk |Rabbit |Sigma Aldrich HPA024205

Actin 1:5000 |5% milk |Rabbit |Sigma Aldrich A2066

Goat Anti- |1:5000 5%milk Goat Thermoscientific [31460
Rabbit IgG

4.3.4. Immunofluorescence staining

Coverslips sterilized under UV for 20 min before seeding cells. 2.5x10°
to 1.5x10° (depending on the purpose of thd experiment) cells were
grown on a sterile coverslip. 24 to 48 h following the seeding,
coverslips were briefly washed twice with PBS. Cells were fixed in 4%
PFA for 10 min at RT, or in ice-cold methanol for 20 min at -20°C
Coverslips were washed three times in PBS. Slides were mounted
using vectashield media with DAPI. Images were captured on a
Deltavision integrated microscope system mounted on an IX71
Olympus microscope and using Softworx software. 0.2-0.5 pym Z-
stacks were collected, deconvolved, projected, and merged.
Microscopy analysis performed using ImagedJ 1.52n software.

4.3.5. Generation of microtubule-binding plasmid

Microtubule binding domain (MBD) of the Tau protein amplified from
PRk5-EGFP-Tau using MBD-Nhe1-Fw and MBD-Age1-Rv primers
(Table 4.2). The UTR230 (Actin binding domain) cut out from the
UTR230-EGFP-3xNLS using Cla1 and Sal1. The MBD was cloned into
the EGFPC1-3xNLS to generate MDB-Tau-GFP-3xNLS.
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4.3.6. Site-directed mutagenesis

A pair of forward and reverse primer were designed to contain the
targeted mutation (Table 4.2). After running PCR, 1 pl Dpn1 added to
the tubes and incubated for 2-3 h at 37°C. The PCR product purified
and eluted in 30 pl elution buffer (Macherey-Nagel Ref: 740609.50).
3l of the purified DNA transformed into Competent cells (Top10). The
extracted Plasmid (using Macherey-Nagel Ref: 740588.50) was

screened by restriction digest and sequencing.

Table 4.2. List of primers

Name Sequence (5’-3)

MBD-Nhe1-Fw ATACTGTCTAGAATGAAGAGCCGCCTGCAGACAGC

MBD-Age1-Rv ttttttACCGGTaaTGGCGACTTGTACACGATCTCCG

Mutagen v1-Fw | TGTACGGTGGGAGGTCTgTATAAGCAGAGCTGGTTTAGT

Mutagen v1-Rv | ACTAAACCAGCTCTGCTTATACAGACCTCCCACCGTACA

Mutagen v2-Fw | TGTACGGTGGGAGGTCTgTgTAAGCAGAGCTGGTTTAGT

Mutagen v2-Rv | ACTAAACCAGCTCTGCTTACACAGACCTCCCACCGTACA

Mutagen v3-Fw | TGTACGGTGGGAGGTCTAGCAGAGCTGGTTTAGT

Mutagen v3-Rv | ACTAAACCAGCTCTGCTAGACCTCCCACCGTACA

4.3.7. cDNA transfection

Cells were grown to 80-90% confluency and transfected with 1ug of
DNA and 2ul of Lipofectamine2000 (Life Technologies) diluted in 500
ul Opti-MEM (Gibco) added into 2ml DMEM with 10% FBS per 35 mm
dish. Cells were grown for 48 h prior to analysis by

immunofluorescence and western blot.

129



Chapter 4

4.4. Results

4.4.1. Microtubule targeting cDNA construction

To explore the possible existence of microtubules in the nucleus, first,
we needed to construct a cDNA expressing a traceable microtubule-

binding protein as a biomarker.

Microtubules are formed from af-tubulin heterodimers which are
stabilized through binding to microtubule-associated proteins (MAPS).
MAPs bind directly to the polymerised or depolymerised tubulin. Tau
protein is categorized as a type2 MAP that binds to the inner
microtubule surface via a conserved repeated PGGG sequence at the
C-terminal (Kar, 2003). The Tau microtubule-binding repeats with 60-
70% similarity to the other MAPs, conserved from Drosophila to human
(Heidary and Fortini, 2001).

Inspired by the recent paper that showed the actin filaments
polymerization in the nucleus after DNA damage through expressing
the actin-binding domain sequestered to the nucleus via 3XNLS (Belin
et al., 2015), We cloned the microtubule-binding domain (MBD) of the
Tau protein including four tandem repeats and the linker sequence to
pEGFP-C1-3XNLS. The MBD-Tau-pEGFP-3XNLS construct would be
able to express the GFP tagged-Tau microtubule-binding domain
sequestered to the nucleus (Figure 4.1.).
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Figure 4.1. Construction and expression of MBD-Tau-pEGFP-3XNLS cDNA

(A) Schematic of Tau tetrameric protein binding to microtubule filaments. [Adapted from
(Goode and Feinstein, 1994)] (B) Tau-GFP expression in U20S cells. DAPI stained DNA is
shown in the1st panel, Tau-GFP is shown in the 2" panel representing the microtubules. In
the 3 panel the two channels are merged and DAPI shown in red whereas Tau-GFP
presented in green, the scale bar represents 25um. (C) Schematic structure of the constructed
plasmid to express Tau-MBD-GFP to be sequestered into the nucleus via the 3xNLs and
target microtubules. (D) Representative image of a mitotic cell, expressing MBD-Tau-pEGFP-
3XNLS. DAPI stain is shown in the1st panel, MBD-Tau-pEGFP expression shown in the 2n
panel confirming the Tau-MBD binding to microtubules. In the 3™ panel, the two channels are
merged and DAPI is shown in red and MBD-Tau-pEGFP is presented in green.
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4.4.2. MBD-Tau-pEGFP-3XNLS expression

We expressed the MBD-Tau-pEGFP-3XNLS in U20S cells to detect
any GFP signal in the nucleus indicating the probability of microtubule
existence in the nucleus. First, we checked the construct’s capability
to bind microtubules. As it has shown in figure 4.1., the Tau-MBD binds
to the spindle microtubules in a mitotic cell. However, by looking at the
GFP illuminated mitotic spindle, it is apparent that Tau-MBD is greatly

overexpressed.

In order to lower the expression of MBD-Tau-pEGFP-3XNLS and
optimize it to rule out any artefactual green signal observed in the
nucleus out of overexpression, we have mutated the TATA box within
the CMV promoter of the constructed plasmid. Using site-directed
mutagenesis, we incorporated two types of A/G substitution point
mutation, and one deletion mutation which completely removed the

TATA box from the promoter (Figure 4.2.).

Comparing the expression level of the version 2 and 3 harbouring A/G
mutation and TATA box deletion respectively, the level of expression
is reduced by more than one-tenth in version 2 and approximately one-
twentieth in version 3. The microscopic images also showing more
structural patterns in mutated versions comparing to the unmutated

which mostly showed artefactual overexpression.

The expression level of the MBD-Tau-pEGFP-3XNLS needs to be
more evaluated to make sure it is expressing at the right expression

level with more proper controls.
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Figure 4.2. MBD-Tau-pEGFP-3XNLS expression optimisation

(A) Three different versions of mutation in TATA box, including one and two A/G point
mutations plus its complete deletion. (B) Western blot of mutated versions 2 and 3 (cell
extracts are loaded neat (1X) and in double (2X)) along with the diluted extracts (Neat, 1/10.
1/20, 1/40, and 1/80) of unmutated cells to compare the reduction of overexpression of
ectopically expressed MBD-Tau-GFP. Actin is used as the loading control. (C) Unmutated and
three types of CMV promoter MBD-Tau-pEGFP-3XNLS mutated versions expression in U20S
cells before and after 3Gy irradiation as indicated on the left. DAPI staining, FITC channel
indicating expression of Tau-MBD-GFP-3XNLS are shown in the first and second columns
respectively. The third column is the enlargement of the selection in the second column. The
fourth column is the merge of DAPI in red and Tau-MBD-3xNLS in green.

4.5. Discussion

Microtubules are highly dynamic polymers composed of a« and g
tubulin dimers. There are range of critical functions for microtubules
such as cytoskeletal foundation, vesicle and organelle transportation,
cilia and flagella formation, and cell division. Microtubules have a close
collaboration with kinesin and dynein in terms of transportation of
cargos in the cytoskeleton.

We have shown the interaction of KIF18B as a member of the kinesin
8 superfamily with 53BP1 to promote efficient DSBs repair. KIF18B
requirement for efficient 53BP1 IRIF and TIF formation and fusion of
de-protected telomeres are pieces of evidence of KIF18B involvement
in DDR while interacting with 53BP1. Moreover, microtubule poisoning
agent treatment of cells abrogates the 53BP1 IRIF formation as
KIF18B depletion does. It is reported that microtubules are regulating
the damage response proteins traffic within the nucleus (Poruchynsky
et al., 2015). As 53BP1 was implicated in the repair of distal DSB via
NHEJ (Dimitrova et al., 2008), one hypothesis could be that the motor
domain of KIF18B might be required to facilitate the movement of
distally located breaks. Whether or not this might also involve
microtubules in the nucleus remains a controversial question given

that orthodoxy indicates that microtubules do not exist in the nucleus.

So far, the lack of evidence indicating the existence of microtubules in
the nucleus of eukaryotic cells which undergo open mitosis might be
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due to a lack of molecular tools for detecting microtubules in the
nucleus without affecting cytoplasmic microtubules.

There are some possible reasons to explain our inability to show the
possible existence of microtubule in the nucleus with the currently
available technologies. Probably they are too short, or their dynamic
is different from the cytoskeleton and too fast to capture. Another
reason might be the strong signal from the cytoplasmic microtubules
masking the weak signal of the nuclear microtubules providing their
existence. Constructing a signalling biosensor to detect and bind the
presumptive microtubules is the plan of our laboratory to reveal
microtubules in the nucleus and clear the mechanism of the KIF18B

motor domain in DNA repair.

As recently reviewed, there are supporting shreds of evidence for the
involvement of another filamentous polymer, nuclear actin in DSB
repair via H(Hurst et al., 2019). Actin-binding protein 2/3, APR 2/3 are
reported to be involved in this process through binding to the break
sites, mediating clustering, and homology-directed repair (Schrank et
al., 2018). Interestingly, F-actin polymerisation is also reported and
implicated in the DDR (Belin et al., 2015). To elucidate actin polymers
in the nucleus upon DNA damage, Belin BJ et al. used UTR230, a
short variant of the most stable sub-populations of actin filaments,
GFP, and 3XNLS on the pEGFP-C1 backbone (Belin et al., 2015).
Similarly, we selected the Tau as one of the well-known microtubule-
associated proteins that interact with microtubules through conserved

domains.

Expressing the MBD-Tau-pEGFP-3XNLS in U20S cells resulted in
GFP signal in the nucleus while the binding of the GFP tagged
expressed protein was confirmed in mitotic cells. But the construction
was overexpressed and probably causing artefactual signals in the
cells. Although reduced expression of the MBD-Tau was observed
upon TATA box mutation within the CMV promoter but yet the
microscopic images of transfected U20S cells showing GFP

illuminated structures in the nucleus are inconclusive as they are the
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same in both irradiated and unirradiated cells. On the other hand, the
microtubules maybe having a constant structure as part of
nucleoskeleton beside numerus identified filaments in the nucleus
(Simon and Wilson, 2011), irrespective to healthy or damaged
condition, and at the event of damage serve as kinesin trajectories for
DSBs movement and 53BP1 mediated repair.

To further investigate the microtubule existence in the nucleus we can
use another MAP such as XMAP215 which is also highly conserved
and interact with the plus end of microtubules. Exploring the other
members of the tubulin superfamily such as y, §,eand { would be
other attempts to elucidate the existence of microtubules in the

nucleus.
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Chapter 5: Conclusion and future
perspectives
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5.1. Conclusion and future perspectives

The two major DSB repair pathways, NHEJ and HR, safeguard the
genome’s integrity against the endogenous and exogenous DNA
damaging agents. 53BP1, one of the key mediators of the DDR, has a
critical role in repair pathway choice by inhibiting the BRCA1-
dependent resection required for HR and thereby promoting NHEJ
(Guo et al., 2018). An additional function attributed to 53BP1 that
ensures DSB repair fidelity is DSB mobilization (Lottersberger et al.,
2015; Mirman and de Lange, 2020). Therefore, finding a kinesin, which
has motor activity, as an interacting partner of 53BP1 in the proteomic
screening performed in our laboratory (Maretto et al., unpublished)

was intriguing to investigate.

The localisation of KIF18B was investigated by immunofluorescence.
KIF18B showed primarily nuclear localisation, co-localising
preferentially with the dense DAPI stained regions in the nucleus,
suggestive of interaction with heterochromatin. The range of KIF18B
signal intensity among exponentially growing cells was attributed to its
cell cycle regulated expression. Our results showed that KIF18B has
low expression level at G1, particularly early G1, and steadily
increases with cell cycle progression with peak expression being
reached in late G2/M. While being predominantly nuclear during
interphase, in mitosis it is localised to microtubules with high levels of
localisation to the plus ends of astral microtubules. This would be
consistent with KIF18B’s ability to ‘walk’ along the microtubules
without destabilizing them (Tanenbaum et al., 2014) until it reaches a
plus end where, in concert with MCAK, its microtubule depolymerising
function is activated to ensure the correct microtubule dynamics

required for the successful completion of mitosis.

Interestingly, and for the first time, we showed KIF18B localisation to
the midbody during cytokinesis suggesting a role in cytokinesis that
remains to be characterised. Since this KIF18B localisation to midbody
is Aurora B dependent, this could suggest that either KIF18B is
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involved in the regulation of the abscission checkpoint, or that it
functions in microtubule dynamics as a microtubule depolymeriser

facilitates abscission.

EB1 and MCAK are known KIF18B interacting partners in
depolymerising astral microtubules at the plus end (Stout et al., 2011;
Tanenbaum et al., 2011). We have shown that EB1 also localises to
midbody in cytokinesis. Therefore, by imaging the cytokinetic cells
stained for MCAK, and by monitoring cytokinesis events by live cell
imaging in the presence and absence of KIF18B and its interacting
partners—such as EB1, MCAK, and other DDR proteins—we can gain
a foundational view about KIF18B's role in cytokinesis. Expression of
KIF18B mutants either lacking the TIM domain or the motor defective
version in KIF18B depleted cells would further elucidate the
mechanism of KIF18B involvement in cytokinesis.

KIF18B co-localises with 53BP1 at IRIF and nuclear bodies; this is
detectable in cells with low to medium levels of KIF18B. This
observation indicates that either these two proteins have a cell cycle
regulated interaction and co-localisation, or that this co-localisation is
constant during interphase but the certain amount of KIF18B co-
localised with 53BP1 is overwhelmed by the high level of KIF18B
signal intensity in the nucleus when highly expressed.

We have implicated KIF18B in DNA damage repair by showing 53BP1
dependency on KIF18B for recruitment to IRIF for timely efficient DSB
repair, detectable by yH2AX resolution at time points after damage.
However, H4K20me2, which serves as a critical marker for 53BP1
recruitment to IRIF, was ruled out to be affected by KIF18B. Therefore,
the dependence of 53BP1 on KIF18B for recruitment to DSBs is likely
to be through the direct interaction of the KIF18B TIM domain and the
Tudor domain of 53BP1. However, investigating the number and
intensity of FK2 foci—a ubiquitination marker—in irradiated cells upon
KIF18B depletion would be a good way to verify the effect of KIF18B
on H2AK15 ubiquitination, another important factor for 53BP1
recruitment to IRIF.
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Furthermore, 53BP1 is reported to promote NHEJ-mediated fusion of
de-protected telomeres by increasing chromatin mobility (Dimitrova et
al., 2008). The required force for this chromatin mobility is proposed to
be transmitted from dynamic microtubules outside the nucleus to the
53BP1 proteins that bind chromatin, through the linker proteins
between the cytoskeleton and the nucleoskeleton known as the LINC
complex (Lottersberger et al., 2015).

In this work, we have shown that both the KIF18B motor domain and
TIM domain are required for de-protected telomere fusion and 53BP1
recruitment to TIFs. A caveat based on existing models is: the possible
involvement of KIF18B in producing the sufficient force, transmitted
through the LINC complex from outside of the nucleus, to facilitate the
repair of damaged DNA inside the nucleus via mobilization. Alternative
speculation would be the existence of microtubules in the nucleus in a
limited amount and certain circumstances, mediating the 53BP1-
dependent directional movement of damaged DNA. Hypothetically, the
latter model proposes that KIF18B interacts with 53BP1 as cargo via
the TIM domain, and transports it within the nucleus via an active
movement on the proposed microtubules, which will be discussed

below.

As it is understood based on our results, abrogated 53BP1 focal
recruitment to IRIFs upon disruption of microtubules is similar to the
effect of KIF18B depletion. Besides, KIF18B’s motor domain is
involved in de-protected telomere fusion and 53BP1 recruitment to
TIFs. While KIF18B co-localises with 53BP1 at IRIFs inside the
nucleus, it would be hard to explain a paradoxical model for damaged
DNA transportation through the movement of KIF18B on the

microtubules outside of the nucleus.

A recent study characterised DNA damage-inducible intranuclear
microtubule filaments (DIMs) inside the nucleus of budding yeast
(Oshidari et al., 2018). In addition, Lamins, yTubulin, actin, myosin,
and some kinesins (KIF4A, KIF17B, KIF18A, KIF18B, MCAK) are
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shown as dynamical components in the nucleoskeleton (Simon and
Wilson, 2011). Furthermore, actin polymerization in the nucleus upon
DNA damage induction is reported in human cells (Belin et al., 2015).

Hence, after years of controversy, it is time to find the best technology
to explore the possibility of the existence of microtubules in
mammalian cells nucleus and to challenge the current orthodox belief.

There are some possible reasons to explain our inability to show the
existence of microtubule in the nucleus with the currently available
technologies. For one, nuclear microtubules would likely be very short
and have different dynamics from cytoplasmic microtubules that are
too fast to capture. Another reason might be the strong signal from the
cytoplasmic microtubules masks the weak signal of the nuclear
microtubules. Constructing a signalling biosensor to detect and bind
the presumptive microtubules was our start point to reveal
microtubules in the nucleus and provide a clear reason for the

mechanism of the KIF18B motor domain involvement in DNA repair.

KIF18B is implicated as a carcinogenic driver gene; a bioinformatic
study revealed more than 100 times KIF18B overexpression in breast,
ovarian, kidney, liver, and lung cancers (ltzel et al., 2015). Moreover,
in a very recent study, KIF18B proved to be up-regulated in
hepatocellular carcinoma and linked with poor prognosis via lymph
invasion and metastasis (Yang et al., 2020). Mutations in KIF18B are
also shown in familial glioma as a type of fatal brain tumour (Jalali et
al., 2015). Logically, as a protein with mitotic function, it is not
surprising to find upregulation of KIF18B in malignancies but, based
on our evidence on the involvement of KIF18B in DNA damage repair,
KIF18B overexpression could also be the cells’ defensive response to
DNA damage. Therefore, further investigation on the mechanism of
involvement of KIF18B in the DDR and its interaction with 53BP1 will
help effective cancer therapy
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The role of KIF18B, a novel 53BP1 interactor, in DNA damage repair
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1. Introduction

53BP1, a DNA d: (DDR) mediator was first identified as a p53 binding partner. It is involved early in the DDR and also has a role in cell cycle
checkpoint control. Upon treatment with ionizing radiation, 53BP1 is rnp|dly recruited to double strand bmnks (DSBs) forming ionizing radiation-induced foci
(IRIF) [1]. While 53BP1 is not required for repair by h l ion (HR), norfor i end j pnzng (NHEJ), it is required for
long-distance NHEJ. In addition, both class switch bination and tel ic fusion is d dent upon 533P1 [2, 3]. In the latter case 53BP1 regulates the in-
creased mobility of deprotected telomeres, thereby facilitating their NHEJ-dependent fusion [2].

Preliminary data: The kinesin KIF18B was Identifled as a novel 53BP1 Ina
Hypothesis: The motor activity of KIF18B is required for the repair of distal DSBs.

2. KIF18B depleted cells are sensitive to IR and have a defect in DNA damage repair
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is required for DSB repair NUI Galway
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Muriel Voisin, and Noel Lowndes S f
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1. Introduction

- We identified the microtubule motor KIF18B in a SILAC proteomic screen for
unknown 53BP1-interacting partners

- KIF18B is chromatin-bound and interacts with both 53BP1 and histones

- We mapped the interaction regions and showed that KIF18B binds the
TUDOR domain of 53BP1 via a short peptide motif

- The knockdown of KIF18B results in DSB repair defects and IR sensitivity,
and phenocopies 53BP1 knockdown

- KIF18B colocalises with 53BP1 at DSBs and deprotected telomeres

+IR(1hr post 3Gy)

- Our results suggest that KIF18B plays a role with 53BP1 in DSB repair

- We are currently investigating an interaction model whereby KIF18B may provide
an additional interaction surface for 53BP1 and histones at DSBs

- To study the role of the motor domain of KIF18B, we are setting up technology
to visualise the movement of single molecules of KIF18B in the nucleus,
and to address the existence of nuclear microtubules

Deprotected

Figure 3: Subcellular localisation of KIF18B
Up: KIF18B and 53BP1 IRIFs visualised by immunofluorescence
Middle: Supernova tagged-KIF18B colocalosation with 53BP1 at IRIFs
Low: Localisation of KIF18B and 53BP1 at deprotected telomeres.
Sheltrin complex was disrupted using shRNA against TRF2
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Figure 1: KIF1SB -53BP1 interaction studies
Immunop! itation of KIF18B mutants
mmunoprecipitation of 53BP1 mutants

Figure 4: Model for recruitment of 53BP1 to DSBs via KIF18B
KIF18B could provide an additional interaction surface for both 53BP1 and histones

with recombinant 53BP1 TUDOR domain

3. KIF18B functions with 53BP1 in DSB repair
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Figure 2: Phenotypes of KIF18B knockdown
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Sheltrin complex was disrupted using (he nucleus

shRNA against TRF2, and telomeres B: Take advantage of Supernova -

were visualised by DNA FISH (green dots) [ 129919 system to visualise KIF188 g
single molecules

C: lonizing radiation induced foci of
. 53BP1 and gH2AX
IR (Gy)

. . £ es and Ack led.
7. Future directions

1. Boluyan MV. et al. Cell. 2006 Dec 29;127(7):1361-73.
- Set up the chromosome movement assay and study the effect of KIF18B knockdown on DSB movement § ;f:’:::";ﬁ ';;e':le”;g“';f:’g‘s é‘“‘“‘z;ﬁ&gé‘;?_)f”*‘
- Live cell imaging of KIF18B single molecules using Supernova-tagging system 4. Tanenbaum ME. etal. Cell. 2014 Oct 23;159(3):635-46.

- Optimization of Tau-MBD expression levels in the nucleus to address the existence of nuclear microtubules

- Screening KIF18B motor domain \nhlbllors deslgned in silico by Leif Eriksson (Gothenburg University, Sweden)

- Test the i ion model using

- TUDOR mutagenesis to indentify the resldues interacting with KIF18B peptide

- Solve the NMR structure of the TUDOR - peptideKIF18B complex with Peter Crowley (Chemistry department, NUI Galway) This work was supported by a Science Fundation Ireland
principal investigator award to N.Lowndes and a
Hardiman Scholarship was awarded to MS.
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I1.1. siRNA transfection

Adjust the final concentration of the siRNA to 0.1nmol by dilution
with RNase free water.

Plate 1-1.5x10° cells/well in a 6-well or 35mm plate (for adherent
cells) using media W/O PEN/STREP.

Transfect siRNA after 24 hours using Oligofectamine

6ul of Oligofectamine + 14ul Optimem per sample accumulatively in
one tube.

Example: for 10 samples, mix 60 pl Oligofectamine and 140 pl
optimum in one tube.

For the first time, the amount of siRNA and the ratio to Optimem
requires to be optimized. Thus, it is better to start with following
concentrations.

0 nM siRNA: Opl siRNA + 180ul Optimem

10 nM siRNA: 0,5ul siRNA + 179,5ul Optimem

50 nM siRNA: 2,5ul siRNA + 177,5ul Optimem

100 nM siRNA: 5ul siRNA + 175ul Optimem

Add 20ul Oligofectamine to each siRNA sample, label and vortex them
well.

Incubate 20min at RT

Prior to addition of the siRMA mixture, wash cells with PBS

Add 800ul of Optimem to each well and then 200ul of incubated
siRNA

Incubate for 3h at 37C

Add 500ul of 3xDMEM (DMEM with 3x FBS and 3x glutamine)

Next day add 1ml of media with P/S

The cells can be harvested 24 to 48 h after transfection regarding to
the cell type and the siRNA.
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II.2. Immunofluorescent staining

Grow the adherent cells on 20 minutes UV sterilized coverslips.

Depending on the cell type you will need 70-80% confluency.

At the time of harvesting, gently wash the cells with PBS for 3 times

and try not to wash out the cells which are not fixed.

The fixation method depends on what you are staining the cells for.

Mainly the cells are going to be fixed with either methanol (best fixation

for microtubules) or PFA.

Methanol fixation —following the 3X PBS washes, add ice-cold
methanol to the coverslip, put in freezer for 20 min. you can keep
the cells on methanol in freezer for few days given that they do not
get dry.

PFA fixation — add 4% PFA to the cells after 3X PBS washes for
10minutes at room temperature (dilute 16% stock under the fume
hood 1 in 4 using PBS and has to be freshly made)

Wash 3 times in PBS

Following PFA fixation;

Permeabilise the cells using 0.250% TritonX (diluted in PBS).
Incubate for 5min at room temperature
Wash 3 times in PBS.

If fixing the cells with methanol, there is no need for

permeabilization.

Block in 5% BSA diluted in PBS (BSA should be filtered after
dilution and before use) for 1 hin 37°C incubator. This can be
overnight (or a day or two) in the fridge followed by 1hat room

temperature.
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Primary Antibody Staining

- Dilute antibody in 1% BSA (often 1 in 200 is a good place to start
optimisation)

- Place 50pl of the diluted Ab on to parafilm attached inside an IF
box

- Invers the coverslip and place in the Ab droplet in a way that cells
face down and contact with Ab.

- Humidify the box with a wet tissue in one corner to prevent drying
of the cells.

- Incubate with a lid on at 37°C for 1 h

- Put coverslips back into dish to wash 3 times

Secondary Antibody staining

- Repeat as primary antibody staining for 45 min to 1hr.
- Put coverslips back into the dish and wash 3X with PBS.
- Put a small drop Vectashield plus DAPI onto a slide and place

coverslip cell side down onto it.

Take the execs mounting fluid by placing the slide and coverslip
together face down on a piece of Whatman paper and very gently

pressing to the paper.
- Seal the edges of the coverslip with nail varnish.

Cytoskeletal (CSK) pre-extraction buffer
CSK should be freshly made and pre-warmed to 37°C before use.

Incubate coverslip with CSK buffer for10 minutes at room temp prior

to fixation
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CSK buffer
STOCK Dil. Factor 10ml
100mM NacCl 5M 50x 200ul
300mM 2M 6.6x 1.5ml
Sucrose
10mM PIPES 200mM 20x 500ul
pH7
3mM MgCl: 1™ 333x 30ul
0.2% Triton X- 10% 200ul
100

Notes: You can vary Triton X-100 concentration or try NP40

depending on the protein you want to visualise. Also, you can add
RNase/DNase.

I1.3. Protein extraction and western blotting

Protein extraction and measurement:

Followed by trypsinising cells, wash them tree times with PBS
and then the pellet can be stored in -20°C for few weeks.
Once defrosted, wash the pellet with PBS and lyse the cells
with lysis buffer. Usually, 30-50 pl of lysis buffer is adequate
for 35 mm dishes. For bigger pellet more lysis buffer is
required which needs to be optimised.

Lyse the cells on ice for 45-60 minutes. During this time vortex
the samples occasionally.

Spin down the lysed cells 15-20 minutes at maximum speed in
4°C.

Transfer the supernatant into a new tube.

Measure the protein concentration using Bradford reagent.
(Dilute the lysis 1/1000 with deionised water then add 500pl of
Bradford reagent. Prepare one tube as blank containing just

water and Bradford reagent. Read the absorbance of the
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samples using spectrophotometer against the blank at 595
nm) for the concentration calculation you will need to make a
standard curve made by serial dilution of known
concentrations of BSA. | divide the Abs by 0.0305 based on
the standard to have the concentration in mg/ml.

The lysate can be stored for unlimited time at -80°C

Based on the required amount of the protein to be loaded on
gel dilute it with Laemmli buffer with freshly added 10% 2 -
mercaptoethanol. (Usually | load 20 ug)

Samples also can be stored at -80° C in Laemmli buffer.

Boil the samples before loading on gel for 5 minutes at 95°C.

Polyacrylamide gel preparation:

Wash and dry glass plates and then clean with a tissue and
70% ethanol.

Assemble the glasses with spacer and fix them. Make sure
there won'’t be any leaking with small amount of water and
pour out the water. Then take the exes water with a tissue or
Whatman paper.

Pour acrylamide mix (5ml for small and 20ml for large gels).
Add 1ml 100% isopropanol on top of the running gel to
prevent it from drying out.

Leave the gel to set for 15-20min.

Remove Isopropanol and rinse out the top of the gel with
milliQ H20.

Add stacking gel and insert comb.

Leave to set for 15-20min.

Assemble the gel in the running apparatus and fill with
Running buffer.

Remove the comb and flush out the wells with running buffer.

Note: APS needs to be fresh for the gel. It can be stored at
4°C for 1 week or you can make aliquots and store in -20°C.
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Dilute 100 mg of ammonium persulfate in 1ml of water to
make 1ml of 10% APS.

APS and TEMED should be the last components added to the

gel as they will cause polymerisation of the gel once added.

The polymerised gel can be stored in fridge for 1-2 days while

wrapped in a wet tissue and placed in a plastic bag to prevent from

drying.

Running:

Load 4 pl of ladder or marker which can be any brand and the
size is depend on the protein of interest size. (I usually use
Seeblue 1kb)

Load the samples beside the ladder on polyacrylamide gel
and Run them on 80 V up until they reach to the end of
staking gel. Then increase the voltage to 120V.

(The electrophoresis tank should be filled with running buffer)
Once the proteins run as desired (normally once the blue line
exit the gel), stop running and set up the transfer tank and
place a Nitrocellulose membrane while sandwiched between

Whatman papers and sponges.

Transferring:

Setting the transfer cassette:

e Submerge the nitrocellulose membrane as well as the
Whatman papers and sponges in transfer buffer.

e Sandwich the gel and membrane in following order into
the cassette;
1. Black side of the cassette

Sponge

3x Whatman papers

Gel

Membrane

o 0 bk w N

3x Whatman papers
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7. Sponge
8. White side of the cassette
¢ Role with a roller or tube over the packed membrane to
remove any bobbles.
e Load the cassette into the transfer tank and fill it with

transfer buffer.

Transfer on ice for 1hat 100V.

Finishing the transfer, open the packed membrane and put it
in a proper container and wash with water.

Through the membrane in ponceau-s (5% Acetic acid and
0.5% Ponceau), to check the successful transfer of proteins.
After short exposure to ponceau, wash the execs and place it
in a poly pocket to scan it.

Wash the membrane with TBST to clean up the ponceau while
rocking for a while

Probing:

Role the membrane and put it in a falcon tube and block using
5% milk in PBS for 45 minutes. (*NB. If using a phospho-
antibody, use TBS-tween for blocking, washing etc.)

Pour the diluted primary antibody in 5%milk and incubate it
overnight at 4°C (cold-room) on rotator. It should be avoided to
overlap the membrane as it won’t expose properly to the Ab.
Wash the membrane 3 x10 min with TBST (Empty the primary
Ab to another tube which can be stored in freezer for using
more couple of times).

Pour the secondary antibody diluted in 5% milk.

Incubate the tube on roller at room temperature for 1hr.

Wash the membrane 3X with TBST

Incubate the membrane with the mix of equal amount of ECL
reagents 1 and 2 for 2 minutes.

Place the membrane in a poly pocket and fix it in a radiology
cassette to develop it either manually or using the developer
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Machine or alternatively image it by the Vilber imager.

Lysis Buffer (10ml)

Final Stock Volume (for 10ml)
H20 6.6ml
Glycerol 20% 100% 2ml
NP40 0.5% 10% 500l
NaCl 150mM 5M 300l
Tris-HCI pH7.5 50mM ™M 500ul
Protease Inhibitor 100x 100ul
Cocktails
Phosphatase 50x 200ul
Inhibitor Cocktails
MgCl> 1 mM 1M 10ul
Benzonase (if 1000x Use 1ul in 1ml
required)
Laemmli Buffer (4x)
Final Stock
Tris-HCI pH6.8 250mM 1M
SDS 8% 20%
Glycerol 30% 100%
Bromophenol Blue 0.02% Powder
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Polyacrylamide gel (SDS-PAG) recipe:

Gel concentrations | 6% 8% 10% 12% STACKING

H20 27ml |23ml | 2.0ml | 1.7ml | 1.4ml

ﬁgs\;'aﬁk)M'DE/B'S Im |13ml | 1.7ml |2ml | 0.380 ml
0250 ml

15MTris Ph:8.8 | 13ml | 1.3ml |1.3ml |13 ml | (1M,  PH:
6.8)

20% SDS 250 | 254|254 |25p |10

10% APS 50l |50 504 |50u | 30l

TEMED 4l |34 2w 2w |2u

Running Buffer (1L)

100ml of 10x TG (Tris-Glycine) buffer

5ml of 20% SDS (1% final Conc)

Water up to 1L

Transfer Buffer (1L)

100ml of 10x TG (Tris-Glycine) buffer

0.5ml of 20% SDS (0.1% final Conc)

200ml Methanol (20% final Conc)

Water up to 1L

10x TBS (1L)
121.14g Trizma Base
90g NaCl

pH7.5 (with HCI)

ddH20 up to 1L
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TBST (1L)
100 ml of 10X TBS
100 pl of tween

ddH20 up to 1L

I.4. Membrane staining for H4K20me2

- Perform SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
on an acid-extracted protein sample and transfer the proteins
to nitrocellulose. Wash the blotted nitrocellulose twice with
water.

- Block the blotted nitrocellulose in freshly prepared TBS
containing 10% non-fat dry milk and with 0.05% Tween 20 for
1 hour at room temperature with constant agitation.

- Incubate the nitrocellulose with a 1:1,000 to 1:10,000 dilution
of anti- dimethyl-Histone H4 (Lys 20), diluted in freshly
prepared TBST-MLK for 2 hours with agitation at room
temperature.

- Wash the nitrocellulose twice with water.

- Incubate the nitrocellulose in the secondary reagent of choice
(a goat anti-rabbit HRP conjugated IgG, 1:5000 dilution was
used) in TBST-MLK for 1 hour with agitation at room
temperature.

- Wash the nitrocellulose twice with water.

- Wash the nitrocellulose in TBS-0.05% Tween-20 for 3-5
minutes.

- Rinse the nitrocellulose in 4-5 changes of water.

- Use detection method of choice (enhanced

chemiluminescence was used
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11.5. Double thymidine block

- Make sure your cells are happy

- Cells should be around 75-85% confluency at the time of
release.

- Everything has to be kept in 37°C including media, washing
media and PBS and avoid keeping cells out of incubator for
long time.

- Use as less as possible media as making conditioned media
would be easier for cells. 5 ml media would be enough for
10cm dish for short time release and use 6-7 ml for longer
time release.

- Always give the plate enough swirl to make sure the cells are
not clamping and well spread.

- Seed Hela cells on 50-60% density in number of 10 cm
dishes according to the number of time points you are
planning to harvest the cells. Consider one dish for
asynchronized cells.

- Add 100 pl of 100 mM thymidine (1 mM final concentration).
Thymidine is not very soluble in water so use PBS to make the
100 mM stock

- Incubate for 16 h.

- Aspirate the medium and wash the cells 3x with pre-warm
PBS or medium.

- Add 10 ml growth medium supplemented with 25 uM
deoxycytidine and 25 pM thymidine.

- Incubate for 9 h.

- Add 250 pl of 100 mM thymidine.

- Incubate for 16 h.

- Aspirate the medium and wash the cells 3x with 10 ml pre-
warm PBS or medium.

- Add 10 ml growth medium supplemented with 25 yM
deoxycytidine and return the cells to the incubator.

- Harvest the cells at different time points for analysis.
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- Typically, cells are harvested every 2 or 3 h forup to 24 h to
cover at least one cell cycle.

I1.6. cell surface staining for FACs analysis

Resuspend the trypsinised and PBS washed cells in 1ml cold
PBS.

Transfer the cell suspension into a 15ml Falcon containing 3ml
ice-cold 100% ethanol while vertexing to have final concentration
of 75% ethanol. (Falcon tubes with ethanol should be kept in -
20°C at least 20min prior to fixation. The vertexing is required to
prevent the cells from clumping and blocking the FACS machine)
The fixed cells can be stored in -20°C, up to two months.

Antibody staining:

Add 3ml PBS to the samples and pellet the cells at 1200rpm x
5min.

Remove supernatant and transfer cells in 1ml PBS into a new
1.5ml microtube (low adherent tubes are not suitable as the cell
will stick to the side of the tube.) Alternatively, if you have several
samples, resuspend the cells in 200ul PBS and transfer to a
round-bottom 96-well plate, and then use 200ul volume for all
washes and an extra wash step each time and pellet cells at
1200rpm.

Pellet the cells at 2000rpm x 2min at 4°C (It is best to use a
swing-out rotor to prevent losing the cells which stick to the
microtube wall in each centrifuge.

Remove the PBS.

Resuspend the cells in 50ul PBS containing 1%BSA, 0.5% Triton
X-100 and 1pl H3pS10 antibody (millipore).

Incubate with the 1° antibody for 2h at RT.

Wash the cells three times in 1ml PBS containing 1%BSA.
Resuspend the cells in 50ul PBS containing 1%BSA, 0.5% Triton
X-100 and 1ul anti-rabbit FITC 2° antibody.
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Incubate in the dark at RT for 1hr.

Wash cells three times in PBS containing 1% BSA.
Resuspend the cells in 300 yl PBS containing 40ug/ml
Propiodium lodide and 250 ug/ml RNase A. Then filter them
through a 0.2-micron filter into FACS tube to prevent FACS
machine blockage.

Incubate the cells for 30-60 min in the dark on ice.

FACS analysis:

The required controls are including

no stain control (just fixed cells), a

no Pl control (just fixed cells stained with H3pS10 antibody and
the FITC 2°antibody)

no FITC control (just fixed cells with PI). This is required for
compensate for overlapping of the Pl with FITC and vice versa.

Draw the following plots on the BD-FACS Diva Software:

Scatter plot FSC vs. SSC (to see all events)

Scatter plot FSC-A vs. FSC-H (to exclude doublets)

Scatter plot PE-Cy7 (x-axis) vs. FITC (y-axis) (to see mitotic staining)
Histogram of PE-Cy7 (to see cell cycle distribution)

Also create a statistic view to read of the percentage of mitotic cells.

Note: FSC, SSC and PE-Cy7 channel should all be on a normal
scale, while FITC should be on a log scale.

Run no stain control first, gate for single cell population (P1) on
the FSC vs. SSC scatter plot (Note, voltage for both FSC and
SSC will need to be adjusted depending on the cell type used).
Then gate out the doublets (FSC-A vs. FSC-H).

Next run the Pl only control. Adjust the voltage for PE-Cy7, so
that the G1 peak (15t peak) is at 100 and the G2 peak (2" peak)
is at 200. This ensures that your cells are single cells with a
normal DNA content.
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Then adjust the FITC channel, so that all FITC negative cells fall
just below 103.

The FITC only control should give a distinct population above
103.

Use a quadrant gate with the horizontal axis just above 10% and
the vertical axis at 150. The top right quadrant is the number of
mitotic cells for each sample.

Run all sample through the FACS on low throughput (this should
be around 200-400 events per second) and collect a minimum of
20,000 to 30,000 cells per sample. Use SIT flush after each
sample.

Plot the percentage of mitotic cells v. time.
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I.7. Metaphase spread

- Grow cells to around 60-70% confluency

- Arrest cells in metaphase with 0.05 ug/ml Colcemid for 2 h (stock
is 1Tmg/ml in PBS dilute 1 in 20,000)

- Harvest cells using trypsin (keep media as it may contain
dislodged mitotic cells, the media, the PBS used for wash and
the trypsinised cells should spin down together)

- Spin down cells (1200 rpm x 5min)

- Discard supernatant (okay to leave a drop)

- Resuspend pellet slowly in 1ml pre-warmed (37°C) hypotonic
solution (75 mM KCI), then add 4 ml hypotonic solution dropwise.
(Volume of hypotonic solution can be optimised; you need a
slightly cloudy solution)

- Incubate adherent cell types for 25-30 min at 37°C (Suspension
cells — around 10min)

- Using a 1ml pipette, add one ml of fresh ice-cold fixative
(methanol/acetic acid - 3:1 ratio) per ml of hypotonic solution
used. Add dropwise to the tube and invert to mix. This stops the
hypotonic process and pre-fixes the cells

- Spin the cell suspension (1200 rpm x 5min), remove the
supernatant carefully, leaving a drop

- Add 5ml fresh ice-cold fixative dropwise down the side of the
tube, very slowly, gently flicking the pellet all the time

- Pellet cells, repeat fixation step and pellet again

- Add between 200 ul-1 ml of ice-cold fixative to the pellet
dropwise, flick to mix. The final volume of fixative is determined
by the desired concentration of cells on your slide. It should be
slightly cloudy, yet translucent when hold up in light.

- This can now be stored at -20 C up to one year or dropped onto
slides

- Drop cell suspension (~12 pl) onto preferably polylysine slide
from a height of about 1 cm.
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- Immediately put them on metal plate and place them on the
surface of water in 56° C prewarmed water bath.

- Air dry slides and check them with an invert microscope (in TC)
to ensure the good quality of the spreads.

- Leave them over night in dark and dry place to be aged.

- stain as desired (GIEMSA/DAPI/FISH)

11.8. FISH

Solutions

Hybridization buffer 40 ml

20 mM Na2HPO4, pH 7.4 1.6 ml of 0.5 M

20 mM Tris, pH 7.4 800 ulof 1M

60% formamide 24 ml

2 X SSC 4 ml of 20 X SSC

1 ug/ml salmon sperm DNA 20 pl of 2 mg/ml stock
DD H20 up to volume 9.6 ml

It is advised to make 500 ul aliquots of Hybridisation buffer and keep

them at -20°C as it contains formamide which is not stable.
RNAse A 1 ml
100ug/ml RNAse A in 2xSSC 20 ul RNAse
from 5 mg/ml stock
100 ul 20 X SSC
899 ul Water
Pepsin 0.005% solution

2.5mg pepsin in 50ml 0.01M HCI (water and 42ul of 37%HCI) (make

fresh and warm to 45 degrees)
Wash solution 1

70% formamide
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10 mM Tris, pH 7.2

Wash solution 2

0.05 M Tris, 0.15 M NaCl pH 7.5

0.05% Tween

Probe preparation

| am using a Telomere PNA probe from Eurogentec (TelC-FAM) —

green

Resuspend 5nmol lyophilized PNA probe in 100ul milliQ water to
make 50uM stock.

Use at 40x (i.e. final concentration 100nM)

Denature 20ul of probe in hybridization per slide at 90 degrees
for 5min

(100ul hybridization buffer and 2.5ul probe)

Pre-treat slides (metaphase spreads)

Immerse in PBS for 5min

Fix in 4% formaldehyde in PBS for 2min at 37°C

Three 5 min washes in PBS at 37 °C

Put 500 ul of RNAaseA solution onto parafilm and place slides
face down onto it for 1 hat 37°C (in humidified box)

Three washes in 2X SSC and one in DW (deionized water)
Immerse in Pepsin 0.005% for 10min at 37°C

Brief rinse with PBS

Fix in 4% formaldehyde in PBS for 2min at 37°C

Three 5min washes in PBS at 37°C

Dehydrate slides in cold ethanol series (1min in 70%, 85%,
100%)

Air dry slide
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Hybridization

Incubate slides at 80 degrees for 5min (in hybridisation chamber)
Add 50ul of probe in hybridization buffer to marked area (heat at
90 degrees for 5min first)

Cover with long coverslip and stick parafilm on top to prevent
drying

Incubate for 5 min at 85°C (80 — 90°C)

Incubate in the dark at room temp for 2 hour or overnight (in
humidified box. | usually seal them in a polypocket with a damp
tissue inside to ensure that they won'’t dry)

Wash

Wash twice with wash solution 1 at room temperature for 15 min
Three 5 min washes with wash solution 2

Dehydrate slides in cold ethanol series (1 min in 70%, 85%,
100%)

Air dry

Visualising

Add DAPI with vectashield and a coverslip, then seal with nail
varnish

Use 100x magnification to visualise telomere
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Appendix lll: Top 53BP1 interactors In
SILAC Screen

A.

Protein Description

53Bpl

53Bp1 (216kDa isoform)

p53

USP28

Kinesin-like protein KIF18B
serine/threonine-protein kinase Nek4

similar to olfactory receptor MOR41-1

signal recognition particle 14kDa protein

PLK1

Vimentin

Ubiquitin carboxyl -terminal hydrolase 7
Polyadenylate-binding protein -interacting protein 2
DEAD box polypeptide 17

Tripartite motif-containing protein 71

eukaryotic translation initiation factor 3 subunit H
similar to gag protein

clathrin light chain B

Isoform 2 of alpha-actinin-2

lamin-B2

Thioredoxin domain containing 4

-
ng\
<« &
\C
QO Q& N \‘gj
250kDa —| , o 53BP1

98kDa
98kDa

62kDa ——

Figure IlIl.1. 53BP1 interacting proteins.

(A) Top 53BP1 interacting proteins in the proteomic screening (SILAC) including KIF18B
interacting partners which highlighted in green.
Immunoprecipitation of 53BP1 and KIF18B. the USP28 used as a positive control and DDX3X
used as a negative control to show interaction with 53BP1.(The immunoprecipitation is

among the published 53BP1

performed by Dr. Silvia Maretto)
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EZ I e USP28-V5

-‘ DDX3X-V5
98kDa —| -- —_— | KIF18B-V5

53BP1/W

20.675
12.702
9.6166
6.1894
4.4999
4.2237
1.6558
1.649
1.5361
1.5116
1.4189
1.2021
1.174
1.1328
1.0806
1.0224
1.0205
1.0205
1.0176
0.98635



