Chapter 1

Introduction

1.1 Eukaryotic cell cycle

All eukaryotic cells are capable of self-replication in a set of
events termed the cell cycle. Non-dividing cells are considered to be in a
resting phase termed GO. Once a cell is required to duplicate itself, it
enters the cell cycle. The cell cycle is composed of four phases: the first
growth phase (G1), DNA synthesis (S), the second growth phase (G2),
and mitosis (M), where the newly replicated chromosomes are
segregated into two daughter cells (Alberts et al., 2009). Cell cycle
progression is driven by sequential activation of cyclins and their
cognate kinases (cyclin-dependent kinases - Cdks) in a precise order
(Woo and Poon, 2003). Therefore, cell cycle progression comprises a
series of critical events that involve complex regulatory mechanisms to

ensure duplication and segregation of the genome.



1.2 DNA damage

DNA contains the vital genetic information in all living cells.
Therefore, its integrity and stability are essential to life. However, it is
inevitably vulnerable to damage due to a wide ranges of endogenous and
exogenous agents (Kaufmann and Paules, 1996 ; Clancy, 2008).
Exogenous agents, such as ultra-violet (UV) radiation cause the
formation of cyclobutane pyrimidine dimers (CPD) and 6-4
photoproducts (PPs) which distort the DNA double helix. This restricts
the binding of regulatory proteins to the affected DNA with an impact on
replication and transcription (Sinha and Hader, 2002). CPDs and 6-4
PPs are both repaired through a process known as nucleotide excision
repair (NER) (Branze and Foiani, 2008).

Moreover, ionizing radiation, including gamma rays and X-rays
introduce highly damaging and mutagenic double-strand DNA breaks
which also interfere with replication and transcription. Double-strand
breaks (DSB) are repaired through one of two mechanisms: non-
homologous end joining (NHEJ) or homologous recombination repair
(HRR) (Branze and Foiani, 2008). Many chemical agents also damage
DNA. For example, chemotherapeutic alkylating agents such as

cyclophosphamide and temozolomide result in C-G—T-A transitions that



cause mutations at methylated CpGs dinucleotides during replication
(Helleday et al., 2014).

Endogenous agents, free radical species such as reactive oxygen
species (ROS) or nitrogen oxide species are generated as by-products of
normal cellular metabolism (Hussain et al., 2003). They induce base
oxidation and DNA Dbreaks which cause DNA mismatches and
replication fork collapse, again resulting in DNA strand breaks (Sancar
et al., 2004).

Under attack from endogenous and exogenous agents, cells must
be capable of preventing loss or transmission of incorrect genetic
information, as errors can and will cause developmental abnormalities,

and can result in tumorigenesis.

1.3 Replication stress

Replication stress is defined as the slowing or stalling of
replication fork progression and/or DNA synthesis (Zeman and
Cimprich, 2014). Replication stress results in loss of genomic integrity
arising from a failure to replicate specific regions of DNA, as well as
DNA damage resulting from replication fork abandonment.

Replication stress can be generated by obstacles such as a limited

supply of replication components (Zeman and Cimprich, 2014).



However, both endogenous (such as such as spontaneous or enzymatic
conversions) or exogenous sources (such as ultra-violet (UV) radiation)
also constantly pose a threat to chromosomal stability, resulting in
replication progression arrest (Mazouzi et al., 2014). Experimentally,
replication stress can be induced by chemical agents such as
hydroxyurea (HU). HU inhibits ribonucleotide reductase, the enzyme
responsible for catalysing the formation of deoxyribonucleotides from
ribonucleotides, which limits the cellular nucleotide pool used in the
DNA synthesis (Elledge et al., 1992).

Replication stress usually results in the formation of excess single-
stranded DNA (ssDNA) after replication forks have stalled/slowed while
the replicative helicase continues to unwind the parental DNA. In the
case of destabilised stalled forks, the replication fork can collapse, which
results in the formation of double-stranded breaks (DSB) and a DNA
damage response (Pacek and Walter, 2004 ; Zeman and Cimprich,

2014).



1.4 Cell cycle checkpoint

Cell cycle checkpoints are surveillance mechanisms to ensure that
later events in a cell cycle are not initiated if earlier stages are not
completed. In effect they operate to create additional time within a cell
cycle phase to enable relevant cellular responses to be completed.

DNA damage and replication stress causes cell cycle arrest via
G1/S, intra-S and G2/M phase checkpoints. The nature of the checkpoint
effector response depends on the point in the cell cycle at which the
checkpoint is activated (Segurado and Tercero, 2009) (Figure 1.1).
Importantly, the core of the cell-cycle control system comprises a series
of cyclin-Cdk complexes. Cyclin-dependent kinases (Cdks) are
serine/threonine protein kinases the enzymatic activity of which
is regulated both by post-translational modification, principally
phosphorylation, as well as by association with a cognate cyclin. During
the cell cycle, the level of any specific Cdk protein normally remains
relatively constant, whereas the levels of the relevant cyclin binding
partner changes. Therefore, formation of each cyclin-Cdk complex is
essential for bringing about the appropriate phase transition during

cell cycle progression (Figure 1.2).
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Figure 1.1 DNA damage-responsive cell cycle checkpoint.

In eukaryotic cells, interphase checkpoints may become activated by the
presence of DNA damage at discrete points within the cycle, namely at
the G1/S transition, during S phase and the G2/M transition (Kaufmann
and Paules, 1996). The first checkpoint operates in late G1 (G1/S
checkpoint) to ensure the absence of DNA damage before the cell
proceeds into S phase. The intra-S phase checkpoint operates to resolve
DNA damage and/or DNA replication errors as they arise within
S phase, if necessary slowing the rate of initiation of new replicons
(sites of replication initiation), and stabilising stalled replication forks.
The third, G2/M checkpoints ensures the absence of any unresolved

DNA damage that would prevent successful DNA segregation during



mitosis. If DNA damage is encountered at any point in the cell cycle, the
checkpoint machinery overrides the normal cell-cycle system controlling
progression. For example, if DNA damage is detected S phase, the G2/M
checkpoint will arrest the cell cycle at the G2/M transition until the

problem is resolved (Albert et al., 2008).

Figure 1.2 Cyclin-Cdk complexes of the cell-cycle control system
(figure modified from Alberts et al., 2008 ; Hochegger et al., 2008).

Cell-cycle progression is regulated by the sequential activation of cyclin-
Cdk complexes, followed by the destruction of the cyclin component.
This ensures transition from one phase to another while ensuring
directionality of the cycle. The accumulation of specific cyclin-Cdk

complexes bring about the transitions at each of the four phases of cell



cycle. Cyclin D-Cdk4 or Cdk6 is the cyclin/Cdk pair controlling G1
progression past the restriction point. Cyclin E-Cdk2 is required to
initiate S phase, whereas cyclin A-Cdkl1 or Cdk2 is responsible for the
beginning of S phase until mitosis. Cyclin B-Cdk1l triggers the early
events of mitosis. Each cyclin-Cdk complex phosphorylates a different
set of substrate proteins to bring about distinct structural and functional

changes required for each cell cycle phase.

1.4.1 G1/S phase checkpoint

In eukaryotic cells, the transition from G1 into S phase involves
passage through the restriction point, after which point the cells are
committed to complete one round of replication or, in appropriate
circumstances, undergo apoptosis. If unfavourable conditions such as
DNA damage, arising either from ionising radiation or UV, or nutrient
limitation, the G1/S phase checkpoint arrests cell cycle in G1 phase.
G1 arrest is largely dependent on the presence of a functional p53. In the
case of DNA damage arising in G1, stabilisation of p53 principally
occurs as a consequence of its phosphorylation by members of the PIKK
family of protein kinases (ATR, ATM, Chkl and Chk2) depending on
the nature of the genotoxic stress (Appella and Anderson, 2001).

p53 acts as a transcription factor to induce the expression of p21<*,



which is a member of the CKI family of cyclin-dependent kinase
inhibitors.

Under normal circumstances, the restriction point is traversed as a
consequence of a cyclin E-Cdk2 mediated phosphorylation of Rb, which
releases the S phase specific transcription factor E2F, thus allowing the
transcription of S phase genes (Bartek and Lukas, 2001). However, in
response to DNA damage, p53-mediated accumulation of p21°** results
in the latter binding to, as well as, inhibiting and activating the
degradation of cyclin D1, (Agami and Bernards, 2000). The degradation
of cyclin D1 leads to a release of p21°"* from Cdk4 and its subsequent
binding to, and inhibition of, Cdk2 associated with cyclin E (Poon et al.,
1996). This in turn results in the retinoblastoma gene product Rb
remaining in a hypophosphorylated state, in which it remains bound to

and inhibitory for, the S phase specific transcription factor E2F.

1.4.2 Intra-S phase checkpoint

This checkpoint operates in cells that are actively undertaking
DNA replication. To avoid confusion, | have used this term to define
checkpoint responses to genotoxic stress induced DSB and replication
arrest during DNA synthesis. The key components of this checkpoint

include the ataxia telangiectasia mutated (ATM) signalling cascade,



the single stranded DNA binding protein, replication protein A (RPA),
the ataxia-telangiectasia and RAD3 related (ATR) kinase and ATR-
interacting protein (ATRIP) complex, the mediator protein claspin, and
RAD17 together with the RAD9-RAD1-HUS1 (9-1-1) complex (Bartek
et al., 2004 ; Merrick et al., 2004) (Figure 1.3). Targets of the intra-S
phase checkpoint include unfired replication origins (thus ensuring that
additional replication stress may be avoided), as well as stalled or
arrested replication forks (Figure 1.4) Cells lack a functional of intra-S
phase checkpoint fail to suppress late origin firing either in response to
replication stress or ionising radiation induced DNA damage.
In addition, cells fail to stabilise arrested replication forks giving rise to
elevated levels of replication fork abandonment (Karnani and Dutta,

2011).
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Figure 1.3 The components of checkpoint sensors involved with ATM
and ATR-directed cellular activities (diagram was redrawn from Kastan
and Bartek, 2004).

This diagram shows multiple proteins (MDC1, 53BP1, MRN, BRCA1)
known to be involved in sensing double strand DNA breaks resulting in
conversion of ATM dimers to monomers which are active as kinases.
The detection of excess single-stranded DNA induced by replication fork
arrest requires Claspin, RAD17 and the 9-1-1 complex for ATR
activation. Each pathway leads to cell cycle arrest as well as the specific
activation of relevant DNA repair pathways via selective substrate

phosphorylation.
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Figure 1.4 Intra-S phase checkpoint (diagram was modified from Kastan
and Bartek, 2004).

The signal pathways ATM/ATR-Chk2/Chk1 also control the checkpoint
network in response to DNA damage and replication arrest within
S phase. There are two branches of this checkpoint. One of these
operates through the faster-operating Cdc25A pathway (Kastan and
Bartek, 2004). The ATR/Chkl modulates the phosphorylation of
Cdc25A to maintain the appropriate abundance of Cdc25 in the normal
function of unperturbed cells (Bartek et al., 2004). In response to DNA
damage and replication arrest, the activity of the Chk1l increases, leading
directly to effective down-regulation of Cdc25A and consequently to the

inhibition of cyclin E-Cdk2 complexes (Bartek et al., 2004 ; Kastan and

12



Bartek, 2004). Inhibition of Cdk2 activity prevents the loading of Cdc45
onto chromatin which blocks the initiation of new origin firing (Bartek et
al.,, 2004 ; Kastan and Bartek, 2004). The second intra-S phase
checkpoint branch involves ATM-mediated phosphorylation of NBS1
(Nijmegen breakage syndrome 1) (component of MRN complex), and a
cohesin protein SMC1 (structure maintenance of chromosome) to

prevent replication origin firing (Zhang et al., 2006 ; Saito et al., 2013).

1.4.3 G2/M phase checkpoint

This checkpoint ensures that cells do not initiate mitosis before
genome duplication is complete and any arising DNA damage repaired.
Failure of this checkpoint results in mitotic catastrophe in which cells
that have incompletely replicated DNA attempt mitosis (Bartek et al.,
2004). The key target of this checkpoint is the activity of cyclin B-cyclin

dependent kinase 1 (Cdk1) complex (Nurse, 1990).
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1.5 DNA damage response (DDR)

Interphase checkpoints respond to DNA damage that considered a
elements of the cellular DNA damage response (DDR). In theory, there
are three component types that comprise interphase checkpoints (Figure
1.5). In reality, the pathways are proving to be more complex (Zhou and
Elledge, 2000 ; McGowan and Russell, 2004 ; Polo and Jackson, 2011)
with some components having multiple roles within the theoretical
framework. The component types are:

1. Sensors that detect aberrant DNA structures

2. Transducers or mediators capable of creating and amplifying a
checkpoint signal

3. Effectors or targets that are modified by transducers thus
leading to cell cycle arrest, transcriptional induction, DNA repair,

senescence, histone MRNA decay or apoptosis.
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Figure 1.5 Schematic outlining the principles of an integrated cellular
response to DNA damage or replication stress (figure was modified from
Zhou and Elledge, 2000).

Both DNA damage or replication stress generate structures that recruit
sensors (such as MDC1, 53BP1, BRCAL), transducers (such as
ATM/ATR) and effectors (such as Chkl and Chk2). The precise
combination of activated protein species determines the effectors
outcomes of the cell as shown in blue boxes. Importantly, while all of
the 4 left-most responses are part of a survival response, prolonged

activation of checkpoint signalling results in apoptosis.
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The pathway by which DNA replication stress induced histone
induced histone mMRNA decay is still unknown. However, the published
observation by Kaygun and Marzluff (2005a) and Smythe group (2007)
proposed that members of the phosphatidylinositol 3’-kinase-like kinase
(PIKK) family (ATM, ATR and DNA-PK) are involved in the regulation

of histone MRNA decay during replication stress (Figure 1.6).

Figure 1.6 The proposed model for the coordinated regulation of DNA
damage and replication arrest-induced histone mRNA decay (figure was
redrawn from Muller et al., 2007).

Replication stress activates ATR and Chk1 results in stalled and slowed
replication fork via a pathway involving homologous recombination

(HR). However, when a replication fork encounters a DNA damage

16



complex and checkpoint failure, replication fork collaspse may occur,
generating DNA double-strand breaks. The system that operates to repair
such breaks involves ATM-dependent homologous recombination-
induced replication restart or via non-homologous end joining (NHEJ)
mediated by DNA-PK. The regulation of histone mRNA decay induced
by replication stress via ATM/ATR and DNA-PK ensures that there is
enough histone production meets the requirement for supply for newly
synthesised DNA. Consistent with this model, histone mRNA is
destabilised during replication stress. Moreover, the DNA/RNA helicase
Upfl, known to be involved in histone mMRNA decay (Kaygun and
Marzluff, 2005a) may act as an effector of ATR/DNA-PK signalling

during the process of histone mRNA decay.

1.5.1 DNA damage sensors

These are proteins that detect the abnormal/aberrant DNA
structures and initiate the DDR. In addition to the proteins discussed
above, sensors include the PIKKs protein kinases ATM and ATR may
also be considered as sensors in addition to their effector role which
involves in the C-terminal kinase domain only. These are central
components of the checkpoint mechanism that signal the presence of

damaged DNA and stalled replication forks respectively.
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PIKKs phosphorylate multiple substrates that regulate cell cycle
progression, and activate DNA repair pathways (Abraham, 2001).
Moreover, the PIKK phosphorylate and activate a pair of downstream
checkpoint kinases, Chk1 (in response to ATR) and (Chk2 in response to
ATM), that further amplify the initial DDR signalling and diversify the

cellular response.

1.5.2 Sensing and signalling by ATM

ATM is required for the cellular response to DNA double strand
breaks (DSBs) in response to agents such as ionizing radiation (IR).
Mrell-Rad50-Nbsl (MRN) mediator complex acts as a primary damage
sensor and then recruits and activates ATM (Lee and Paull, 2005 ;
Berkovich et al., 2007). Phosphorylation of the specific histone H2AX
by ATM occurs at DSBs enabling additional mediator protein binding to
the DSB-flanking chromatin such as mediator of DNA damage
checkpoint (MDC1), p53-binding proteinl (53BP1) and breast cancer
type 1 susceptibility protein (BRCAL) (Lee and Paull, 2005 ; Lavin,
2007). In addition to phosphorylation of downstream targets, ATM
undergoes autophosphorylation. Moreover, autophosphorylation of ATM
occurs in response not only to DSBs but also other forms of chromatin-

associated stress. For example, cells exposed to mildly hypotonic buffers
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or to chromatin-modifying drugs do not acquire DSBs but nonetheless
such treatments lead to rapid autophosphorylation of ATM, suggesting
that a change in chromatin structure also stimulates ATM
phosphorylation (Bakkenist et al., 2003). The ability of ATM to
phosphorylate the downstream kinase Chk2, depends on certain proteins
and the region around the damage (Bakkenist et al., 2003). The actual
strength and duration of the damage response signal depend on ATM
and the continuing presence of damaged DNA (McGowan and Russell,

2004).

1.5.3 Sensing and signalling by ATR

ATR is the principle initiator of the signalling aspect of the DDR
in response to stalled replication forks, which arise when cells are
exposed to replication inhibitors such as hydroxyurea (HU) or
aphidicolin  (Feijoo et al, 2002). However, it is also needed for the
response to DNA damage, for example, it is required for IR-induced
G2 arrest (Cortez et al., 2001). ATR and its molecular partner ATRIP
co-function in the activation of downstream checkpoint kinases,
mediators and several proteins involved in repair. Both ATR and ATRIP
are DNA binding proteins associated with the single-strand binding

protein complex, replication protein A (RPA), and do so at sites of
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damage or stalled replication forks containing a region of ssDNA
(Zou and Elledge, 2003). The ssDNA-RPA complex also recruits and
activates the Radl17 clamp loader which then loads the PCNA-related
911 (Rad9-Rad1-Husl) complex onto DNA (Yang and Zou, 2006). ATR
phosphorylates Radl7 and 911, which activates the cascade of
downstream responses (Yang and Zou, 2006). In addition,
topoisomerase-binding proteinl (TopBP1) also has a role in DNA
replication and checkpoint signalling. TopBP1 also binds to the 911
complex and stimulates ATR kinase activity (Kumagai et al., 2006).
Claspin is also a mediator protein which coordinates with ATR to effect
the efficient activation of Chkl (Lee et al., 2003). It is noted that ATR
activation in response to DSBs appears to require ATM (Myers and

Cortez, 2006).

1.5.4 Transducers or mediators

Transducers are a group of proteins that act directly downstream
of the ATM and ATR Kkinases. They recruit additional substrates to
assemble complexes and signal to downstream effectors. To date,
multiple transducers such as MDC1, 53BP1, Claspin and BRCAl
(Harper and Elledge, 2007) have been identified (Figure 1.3)

Phosphorylation of H2AX on Serl39 by ATM, ATR or DNA-PK
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directly recruits MDC1 (Rogakou et al., 1998). MDC1 and H2AX allow
the recruitment of many additional factors to sites of damage leading to
the generation of IR-induced foci (IRIF). 53BP1 has a role in
recombination which coordinates with MDC1 phosphorylation to
facilitate the ubiquitination of H2AX at sites of DSBs (Harper and

Elledge, 2007).

1.5.5 Effectors

They are the downstream targets regulated by protein kinases to
function in cellular processes such as cell cycle arrest, DNA repair,
transcription, histone mRNA decay, and apoptosis, thereby preventing
genome instability (Zhou and Elledge, 2000). Identified ATM/Chk2 and
ATR/Chk1 substrates are not restricted to transducers but also a wide
range of proteins involved in multiple DNA repair pathways such as
mismatch repair, homologous recombination (HR) and global excision
repair (Matsuoka et al., 2007). For example, Chk1l phosphorylation of
Rad51 is important for homologous recombination (HR).
Thus, checkpoint signalling components have roles in the direct
regulation of genomic stability beyond their function in controlling cell
cycle. Latterly, a wide range of cellular pathways have been identified to

participate in the DDR, including nonsense-mediated decay (NMD),
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RNA splicing, spindle checkpoints and histone mRNA decay which
point to a much broader role for the DDR in cellular biochemistry and

physiology (Figure 1.7) (Harper and Elledge, 2007).

Figure 1.7 DDR impacts on multiple elements of biochemistry and
physiology (figure was redrawn from Harper and Elledge, 2007)

This diagram shows known and newly emerging connections between
DDR surveillance systems and normal aging involving cell cycle, DNA
repair, apoptosis and senescence. However, histone mRNA decay may
be an additional pathway linked to the DDR. This is suggested on the
basis of the findings that many DDR response components were found
associated with the histone RNA processing machinery. In addition, this
study identified changes in the phosphorylation state of a key histone

MRNA decay component in response to replication stress. The
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identification of the relevant kinase may provide new physiological
insights into the links between the DDR and events requires to avoid
genetic diseases and cancer, while ensuring healthy aging, and

development.

1.6 Two major repair pathways of DSBs

1.6.1 Homologous recombination (HR)

HR occurs in S and G2 phases to allow accurate repair of post-
replicative DSBs and involves the use of a sister chromatid to provide
the templating information to repair DSBs (San Filippo et al., 2008 ;
Moynahan and Jasin, 2010). The MRN complex acts as a primary
damage sensor which then recruits and activates ATM. Phosphorylation
of H2AX by ATM occurs around DSBs which initiates the sequential
recruitment of a series of factors starting with MDC1. This triggers the
recruitment of chromatin remodelling and modification complexes,
which allow the association of downstream factors, such as 53BP1 and
BRCA1 (Chapman and Jackson, 2008 ; Spycher et al., 2008). 5’-to-3’
nucleolytic processing of DNA ends (resection) is undertaken by the
MRN complex (Rupnik et al., 2010) together with other factors such as
CtIP, RECQ family helicases and the nucleases Exol and Dna2 (Zou and

Elledge, 2003 ; Bernstein and Rothstein, 2009). The resulting sSDNA
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overhangs are then coated by the ssDNA-binding complex replication
protein A (RPA), which consequently recruits ATR. The recombination
factors RAD51 and RAD52, ATR kinase and its interacting partners
ATRIP, and the DNA-clamp proteins RAD17 and RAD9 then load
around the DSBs, (Bekker-Jensen, 2006). Finally, repairing interstrand
cross-links takes place. This is especially found at the sites of stalled
DNA replication. Then it is the actions of DNA polymerases and DNA
end ligation by ligase | following DNA helicases and enzymes for

cleavage and repaired DNA molecule.

1.6.2 Non-homologous end-joining (NHEJ)

This system operates at the sites of DNA damage throughout the
cell cycle, without the need for a DNA template to ensure accurate re-
establishment of genomic integrity. It functions by inducing the direct
ligation of broken DNA ends. DNA ends are bounds by the Ku70/Ku80
heterodimer, which recruits and activates the DNA-dependent protein
kinase catalytic subunits (DNA-PKcs) to form the DNA-PK holoenzyme
(Gottlieb and Jackson, 1993).

DNA-PKcs is thought to participate in end bridging during
mammalian NHEJ. End processing involves removal of damaged or

mismatched nucleotides by nucleases and resynthesis by DNA
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polymerases where appropriate. This step is not necessary if the ends
have compatibility and have 3' hydroxyl and 5' phosphate termini. DNA
ligase IV and its cofactor XRCC4 perform the ligation step of repair.
XLF is also required for NHEJ. While the precise role of this protein
remains unclear, it interacts with the XRCC4/DNA ligase IV complex

and likely participates in the ligation step.

1.6.3 Single-strand break repair (SSBR)

Mostly, SSBs are sensed by poly (ADP-ribose) polymerase 1
(PARP1) which then bind to DNA breaks triggering poly-(ADP-
ribosyl)ation of nuclear proteins (Zhou and Elledge, 2000). Downstream
of SSB sensing, XRCC1 protein is activated and promotes
end-processing, gap filling and ligation (Polo and Jackson, 2011).
One of the consequences of this is that it leads to a block in DNA
replication and transcription.

After | review cellular responses to SSBs and DSBs in eukaryotic
cells, next I will explain how cellular responses to DNA breaks are

relevant in a physiological context.
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1.7 Responses to DNA breaks in a physiological context

When DNA breaks occur, several protein factors and complexes
are involved in signalling, the nature, and implications of the aberration,
as well as to the relevant repair system. For example, ATM has been
reported to mediate local inhibition of both RNA polymerase I- and 1I-
dependent transcription at sites of DNA breaks in human cells (Kruhlak
et al., 2007 ; Shanbhag et al., 2010). However, some proteins such as
those involved in the transcription machinery are excluded from DDR
signalling. Therefore, protein dynamics at DNA breaks during DNA
damage and replication arrest operate in both directions: recruited to or
dissociating from the sites of DNA breaks (Figure 1.8) (Polo and
Jackson, 2011).

The physiological substrate for the DDR machinery in the cell
nucleus is chromatin: DNA condensed, protected, and regulated by
histone proteins. Although, chromatin acts as a physical barrier to the
detection and repair of DNA lesions, there are modifications of
chromatin organization that occur in the DDR such as DNA methylation
(Kulis and Esteller, 2010), incorporation of histone variants (y-H2AX)
(Bernstein and Hake, 2006), histone post-translational modifications
(Kouzarides, 2007) and nucleosome remodelling complexes (Clapier and

Cairns, 2009). As a consequence, there are chromatin-associated proteins
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which are mobilized to and from sites of DNA breaks, for example,
histone deactylase, HDAC1 and HDAC2, which are recruited to
damaged chromatin in response to DNA breaks (Miller et al., 2010)

(for review, see Polo and Jackson, 2011).

Figure 1.8 Protein dynamics respond to DNA breaks (picture was
redrawn from Polo and Jackson, 2011).

DNA damage checkpoint and repair factors and modulators of chromatin
are recruited (red arrows) to DNA breaks (SSB and DSB), while
transcription machineries are excluded from DDR foci (green arrow),
and the dynamics of structural chromatin components operate in both

(pink arrow).

27



1.8 Histones

Histones are basic proteins which are essential for the assembly of
chromatin. Newly replicated DNA is wrapped around an octamer of
histone molecules to facilitate packaging into chromatin to structure
chromosomes in the nucleus during S phase of the cell cycle in all
eukaryotes. Unsurprisingly, histones are essential for viability and
regulate access to the genetic information contained within the DNA.
There are four cores of histone types-H2A, H2B, H3 and H4 with linker
histone H1. The structure of histones of H3 and H4 are highly conserved
between animal and plant kingdoms ((Maxson et al., 1983 ; Osley, 1991
; Sarma and Reinberg, 2005). In metazoans, there are multiple copies of
histone genes, however, they are catagorised into two classes of histone
genes.

1. Replication-dependent histone genes

These genes encode for the major histone proteins (called
replication-dependent histones or canonical histones or histones): H2A,
H2B, H3, H4 and H1. The canonical histone genes are clustered in
tandemly repeated gene sets, with the repeat unit containing one copy of
each of the five histone genes (Marzluff et al., 2008). They are expressed
during S phase of the cell cycle to package the newly synthesised DNA

into chromosome in nucleus (Kamakaka and Biggins, 2005). Table 1 is a
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list of human histone genes (Marzluff et al, 2002 ;

https://en.wikipedia.org/wiki/Histone)

2. Replication-independent histone genes

These genes are known as orphan genes which encode for histone
variants. These genes are not restricted in their expression to the S phase
but are expressed throughout the cell cycle (Kamakaka and Biggins,
2005 ; Skene and Henikoff, 2013). Therefore, histone variants are
expressed and incorporated into chromatin throughout the cell cycle in a
replication-independent manner or with special functions/or in a
tissue-specific manner (Sarma and Reinberg, 2005). Histone variants can
be classified into homomorphous and heteromorphous families
depending on the extent of their amino acid sequence which differs from
the main canonical histones (Ausio, 2006). Homomorphous variants
involve only a few amino acid changes (i.e. H2A.1 and H2A.2; H3.1,
H3.2 and H3.3) (Ausio, 2006). Heteromorphous variants involve large
changes of the histone molecule (i.e. H2A.X, H2A.Z, macroH2A
(mH2A), H2A Barr body-deficient (H2A.Bbd) and centromeric protein
A (CENP-A)) (Ausio, 2006). The classification data of histone variants
specific features can be found in HistoneDB 2.0 - Variants database

(Draizen et al., 2016).
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The canonical histone genes lack introns and as expressed contain
a unique 3’ end of the mRNA which, instead of a poly(A) tail, contains a
26 nucleotide sequence (includes the 5 nucleotides before the stem-loop,
the 16 nucleotide stem-loop and the 4-5 nucleotides after the stem-loop)
that forms a hairpin structure recognized by stem-loop binding protein
(Dominski and Marzluff, 1999 ; Whitfield et al., 2000 ; Marzluff et al.,
2008). In mammals, there are approximately 75 distinct canonical
histone mRNAs (Marzluff et al., 2002). By contrast, histone variant
genes are typically found in single or low copy number. The variant
genes contain introns and the transcripts are often polyadenylated

(Kamakaka and Biggins, 2005).
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Table 1.1 List of human histone genes.

Histones

Genes

H1

H1FO, HIFNT, H1FOO, H1FX, HIST1H1A, HIST1H1B,

HIST1H1C, HIST1H1D, HISTIHI1E, HISTIHI1T

H2A

H2AFB1, H2AFB2, H2AFB3, H2AFJ, H2AFV, H2AFX,
H2AFY, H2AFY?2, H2AFZ, HIST1IH2AA, HIST1H2AB,
HIST1IH2AC, HIST1H2AD, HIST1IH2AE, HIST1IH2AG,
HIST1H2AI, HIST1IH2AJ, HIST1IH2AK, HIST1IH2AL,

HIST1IH2AM, HIST2H2AAS3, HIST2H2AC

H2B

H2BFM, H2BFS, H2BFWT, HIST1H2BA, HIST1H2BB,
HIST1H2BC, HIST1H2BD, HIST1H2BE, HIST1H2BF,
HIST1H2BG, HIST1IH2BH, HIST1H2BI, HIST1H2BJ,

HIST1H2BK, HIST1IH2BL, HIST1H2BM, HIST1H2BN,

HIST1H2BO, HIST2H2BE

H3

HIST1H3A, HIST1H3B, HIST1H3C, HIST1H3D,
HIST1H3E, HIST1H3F, HIST1H3G, HIST1H3H,

HIST1H3I, HIST1H3J, HIST2H3C, HIST3H3

H4

HIST1H4A, HIST1H4B, HIST1H4C, HIST1H4D,
HIST1H4E, HIST1H4F, HIST1H4G, HIST1H4H,

HIST1H4I, HIST1H4J, HIST1IH4K, HIST1H4L, HIST4H4
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Histones form complexes with DNA in an invariant 1:1 mass ratio
termed nucleosomes. The nucleosome basic structure consists of an
octameric core of 4 types of histones (H2A, H2B, H3 and H4) which are
presented in equimolar quantities, together with a linker histone H1
which is present at half the stoichiometry of each core histone - around
which 147 bp of DNA is wrapped (for review, see Maxson et al., 1983 ;
Luger 2003; Khorasanizadeh 2004 ; Sarma and Reinberg, 2005).
These histones are assembled into the nucleosome during S phase to
compact a newly synthesised DNA into the nucleus (Fransz and de Jong
H, 2011). However, histone variants deposition occurs outside of S
phase (Kamakaka and Biggins, 2005). Histone variants also forms an
octameric core and together with the linker histone, assemble into
chromatin. However, the actual variant histones that are assembled and
inserted into DNA vary from canonical histones depending on their
functional requirements (Kamakaka and Biggins, 2005 ; Ausio, 2006).
Core histone variants are the variants of histones H2A, H2B, H3 and H4
(i.e. H2A1, H2A.2, H3.1, H3.2, H2A.Z, H2A.X, macroH2A, H3.3,
CENP-A). The linker histone variants are also variants of histone H1
(i.e. often referred to as histone H1 microheterogeneity) (Brown, 2001 ;
Ausio, 2006 ). The main function associated with variants histones is

modulation of the chromatin function via post-translational modification
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of histone variants, or via alteration of the position and structure of the
nucleosomes in order to facilitate various cellular processes (lizuka and
Smith 2003 ; Kamakaka and Biggins, 2005). For example, there are one
to two of H2A.X molecules every ten nucleosomes distributed
throughout the genome (Ausio, 2006). Upon DSB damage,
phosphorylation of H2AX plays a key role in DDR which is required for
the assembly of DNA repair proteins at the sites containing damaged
chromatin and for activation of checkpoint proteins to arrest the cell

cycle progression (Podhorecka et al., 2010).

In my study, | have focused on replication-dependent histones
which are vital proteins during DNA replication. Therefore, DNA
synthesis is tightly coordinated with histone synthesis either under
normal conditions or in circumstances of DNA damage. Accordingly,
the regulation of histone genes is required to co-ordinate histone
production with ongoing DNA replication. Inhibition of DNA synthesis
results in a rapid repression of histone gene expression and down
regulation of histone MRNA levels (Zhao, 2004).

Cells operate a surveillance mechanism called histone mRNA
decay (HD). HD is regulated to prevent harmful effects of inappropriate

levels of histone accumulation. Excess histone accumulation leads to
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increased DNA damage and genomic instability which are associated
eventually with malignancy (Osley, 1991 ; Muller and Schumperli, 1997

; Dominski and Marzluff, 1999).

1.9 Histone gene regulation during the cell cycle

As indicated previously, histone production is largely restricted
within S phase coupled to the period of DNA synthesis. Increased
histone synthesis in S phase is a consequence of the regulatory
mechanisms controlling histone gene expression at both transcriptional
and posttranscriptional levels. The transcription of histone genes occur
within the nucleus in the histone locus body (HLB), a subnuclear
organelle containing factors required for histone pre-mRNA processing
(Maetal., 2015).

The expression of multiple histone genes on S phase entry is
regulated by phosphorylation of nuclear protein ataxia-telangiectasia
locus (NPAT or p220) by cyclin E/cdk2 (Ma et al., 2000 ; Zhao et al.,
2000 ; Zhao, 2004). After cyclin E/cdk2 activity has reached its peak in
early S phase, it decreases due to the degradation of the cyclin E
component, preventing further activation of NPAT until cyclin E

re-accumulates in the next cell cycle.
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Histone gene transcription increases three to fivefold as cells enter
S phase (late G1) and decreases by the end of S phase or when DNA
replication arrested (Nelson et al., 2002). The half-life of histone gene
transcripts has been estimated as 40-60 min., but it dramatically
decreases to ~10 min. at the end of S phase, and DNA replication

is arrested (Ewen, 2000).

1.10 Histone mMRNAs

The rate of histone synthesis is largely regulated by the level of
histone mMRNAs. Histone mRNAs are encoded by replication-dependent
histone genes which lack introns and end in a conserved 26 nucleotide
sequence structure (Dominski and Marzluff, 1999). Endonucleolytic
cleavage of pre-mRNA is the only process that produces unique mature
replication-dependent histone mRNAs with no poly (A) tails, ending in a
conserved stem-loop structure in their 3’ untranslated (UTR) region
(Sanchez and Marzluff, 2002) (Figure 1.9). It is likely that the stem-loop
operates as the functional homologue of a poly (A) tails for nuclear
export, translation, and stability of mRNA.

The sole protein that binds, in a highly specific interaction, to the
conserved 16 nucleotide sequence of stem-loop histone mRNA, is the

histone binding protein/stem-loop binding protein (HBP/SLBP)
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(Marzluff and Duronio, 2002). Importantly, HBP/SLBP is involved in
every steps of histone mMRNA metabolism: histone transcription, pre-
MRNA processing (Dominski et al., 1999), nucleo-cytoplasmic transport
(Sullivan et al., 2009), translation (Sanchez and Marzluff, 2002) and
histone mMRNA degradation (Townley-Tilson et al., 2006).

At the beginning of S-phase, the level of histone mMRNA rapidly
increases with half-life of approximately 40 min. By the end of S-phase
it decreases to a half-life of ~10 min (Harris et al., 1991).The coupling
of histone synthesis with DNA replication regulated via steady state
histone mMRNA concentrations occurs via the regulation of HBP/SLBP

(hereinafter referred to as SLBP).

Mature histone mRNA

TmeGpppA— Histone ORF
SUTR__ | | 3UTR
(5-10 nt) (30-50 nt)

Figure 1.9 Structure of histone mRNA

Histone mRNA has short 5” and 3” UTRs. At the 3° UTR, it contains 30-
50 nucleotide sequence with the conserved 26 nucleotide sequence that
includes the 5 nucleotides before the stem-loop, the 16 nucleotides stem-

loop and the 4-5 nucleotides after the stem-loop.
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1.11 Histone binding protein (HBP) or Stem-loop binding

protein (SLBP)

1.11.1 Human SLBP

The human SLBP (hSLBP) gene (NM_006527) is composed of
eight exons on the short (p) arm of chromosome 4 at region 1 band 6.
It encodes a protein of 270 amino acids (Q14493) with molecular mass
31 kDa (Martin et al., 1997). This is in contradiction to the estimated
molecular mass obtained by SDS-PAGE involved mobility shift assay
(Wang et al., 1996). Two bands of 40 and 45 kDa are observed in both
nuclear and polyribosome enriched fractions (Wang et al., 1996). It is
possible that there are two forms of SLBP that could result either from
post-transltional modification or from proteolysis. This is consistent with
the observations associated with mobility shift analyses in which
doublets are regularly observed (Wang et al., 1996).

The protein SLBP consists of three important regions: N-terminal
TAD domain, the central RNA-binding domain (RBD)/L-motif and
C-terminal domain (Martin et al., 2000 ; Jaeger et al., 2004 ; Jaeger

et al., 2005) (Figure 1.10).
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p——— N-terminus ——| — C-terminus —|
1 68 81 125 197 270

Figure 1.10 Structure of human SLBP.

Two important domains are the RNA binding domain (RBD) at

C-terminus and translation activation domain (TAD) at N-terminus.

The N-terminal region contains a short segment of ~14 amino acid
residues. This transactivation domain (TAD) at amino acids 68-81 is
essential for the activation of histone mRNA translation, and includes a
highly conserved motif, DWX3VEE (Cakmakci et al., 2008). The TAD
is located near known N-terminal phosphorylation sites (von Moeller et
al., 2013). Importantly, SLIP1 or MIF4G (SLBP-binding protein 1 or
middle domain of initiation factor 4G) interacts with this highly
conserved motif (Cakmakci et al., 2008). The activation of SLIP1
interacts with SLBP may form a bridge to cooperates, either directly or
indirectly, with the elF3 or elF4G translation initiation complex
(Gorgoni et al., 2005 ; Cakmakci et al., 2008 ; Neusiedler et al., 2012 ;

von Moeller et al., 2013).
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The RNA binding domain (RBD) of SLBP (amino acid 125-197)
iIs the only region of SLBP conserved among diverse metazoans
(Caenorhabditis elegans, Drosophila, and vertebrates) (Wang et al., 1996
; Pettitt et al., 2002). Previous structural studies found that the RBD
region of SLBP folds on binding the histone RNA stem-loop with a
highly stable complex and the SLBP-histone mRNA complex functions
as an integral unit (Zhang et al., 2012 ; Thapar, 2014). The first stem
loop binding site involves Glul29-Vall58 and second binding site
Argl180 and Pro200 which are bound to the stem-loop structure of
histone mMRNA, regulated by threonine phosphorylation and proline
isomerization in a conserved TPNK sequence that lies between the two
binding sites (Zhang et al., 2012). The phosphorylation of the motif
TPNK of both the human and Drosophila SLBP RBD is proposed to
increase the stability and proper folding of the SLBP-histone mRNA
complex (Zhang et al., 2014). However, the C-terminal region is flexible
in the protein:RNA complex and does not contact the RNA (Zhang et al.,
2014). This is consistent with in solution NMR studies, which found
that SLBP RBD is intrinsically disordered in the absence of RNA in
solution (Zhang et al.,, 2012 ; Thapar, 2014). Importantly, SLBP is

natively unfolded in the free state (Thapar et al., 2004). The RBD and
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the C-terminal regions of SLBP are involved in 3’ end processing
(Dominski and Marzluff, 2001).

The crystal structure of hSLBP in complex with other proteins
has been determined by Tan and colleagues (2013) who reported that
SLBP RBD forms a ternary complex with histone mRNA stem-loop and
3’-5” exonuclease (3’hExo/Eri-1) also binding to histone mRNA stem-
loop which is required for histone mRNA degradation. However, there is
no direct contact between SLBP and 3’hExo in the ternary complex. It is
likely that both proteins help each other to induce structural changes in
the loop so as to bind with other proteins (Tan et al., 2013 ; Zhang et al.,
2014).

SLBP is an RNA binding protein that is regulated within the cell
cycle by both translational and post-translational mechanisms (Whitfield
et al., 2000 ; Zheng et al., 2003). SLBP is synthesized just before the
entry into S phase and is imported into the nucleus by the importin a-
importin B transport factors (Erkmann et al., 2005). SLBP is present both
in nucleus, and in the cytoplasm on the polyribosomes (Martin et al.,
1997; Whitfield et al., 2004 ; Hanson et al., 1996). SLBP binds to the
stem loop at the 3’ end of histone mRNA which coordinates the histone

biosynthesis and cell cycle (Marzluff, 1992).
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The disruption of the interaction between the SLBP-histone
MRNA complex by stem-loop mutations causes MRNA retention in the
nucleus, and a decrease in processing efficiency both in vivo and in vitro
(Sun et al., 1992 ; Pandey et al., 1994 ; Williams et al., 1994 ; Dominski
et al.,, 1999). Therefore, the formation of the SLBP-histone mRNA
complex plays a pivotal role in maintaining cell-cycle regulation of
histone levels in eukaryotic cells.

Taken together, the data obtained from structural and functional
analysis have shown that SLBP is a key protein binding to histone
MRNA stem-loop for histone mRNA metabolism including histone
transcription, pre-mRNA processing, nucleo-cytoplasmic transport,

translation and histone mMRNA degradation.

1.11.2 SLBP and replication-dependent histone mMRNA
metabolism

1.11.2.1 Transcription

The initiation of histone gene expression is activated by the
phosphorylation of transcription factor p220™“" (NPAT) by cyclin
E/Cdk2 prior to entry into S phase, as well as the initiation of DNA
replication by cyclin E/cdk2 activating cdc6 (Ma et al., 2000 ; Zhao et

al., 2000 ; Ye et al., 2003 ; Koseoglu et al., 2010 ; Lunn et al., 2010).
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Cyclin E/CdKk2 is an essential cyclin-dependent kinase that coordinates
multiple aspects of the transition from G1 to S phase. These aspects
include activation of E2F1, which is a major S phase transcription factor
and required for expression of many S phase genes expression. The
components of replication-dependent histone gene expression are
regulated in histone locus body (HLB) by concentrating the required
protein complexes and RNA components at the histone gene locus

(Nizami et al., 2010 ; Morimoto and Boerkoel, 2013).

1.11.2.2 Pre-mRNA processing

The regulatory properties at the histone mRNA 3’ end impact the
rate of histone protein synthesis, histone stoichiometry, and the timing of
histone synthesis during the cell cycle. At late G1, the histone mRNA
processing efficiency increases 10-fold (Harris et al., 1991). Changes in
3’ end affect histone mRNA metabolism including mRNA processing,
localization or translation, that lead to alterations in histone protein
abundance. Therefore, eukaryotic cells must tighly regulate the balance
between the amounts of newly synthesised DNA and the rates of histone
protein synthesis so as to regulate proper chromatin assembly during the
cell cycle (Marzluff and Duronio, 2002 ; Marzluff et al., 2008).

Taken together, posttranscriptional regulation of histone gene expression
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iIs a critical element in coupling to DNA replication and involves
pre-mRNA processing, translation and mRNA stability control.

Formation of the histone mRNA 3’ end required two cis-acting
elements in the pre-mRNA. One is the 26 nucleotide stem-loop sequence
in the 3’ untranslated region (3’UTR) of histone mRNA, which remains
part of the mature mRNA after pre-mRNA processing. The second
element is a purine-rich downstream element (HDE) located 3’ to the
cleavage site, which is cleaved during the processing (Marzluff, 1992).
Each of these sequences recruits factors that produce the single
endonucleotic cleavage between stem-loop and HDE required for mature
histone mMRNAs (Dominski and Marzluff, 2007) (Figure 1.11).

The trans-acting factors are the small ribonucleoprotein particle
(U7 snRNP), SLBP and a heat-labile processing factor (HLF) (Schaufele
et al., 1986 ; Gick et al., 1987 ; Bond et al., 1991 ; Wang et al., 1996 ;
Martin et al., 1997 ; Walther et al., 1998). The small ribonucleoprotein
particle (U7 snRNP), containing U7 snRNA and a heptameric ring of
Sm, Lsm10 and Lsm11 proteins, interacts with the histone pre-mRNA by
hybridisation via base pairing between the HDE and the 5° end of U7
snRNA (Bond et al., 1991 ; Dominski et al., 1999 ; Pillai et al., 2001 ;
Azzouz et al., 2005 ; Pillai et al., 2003). HLF and novel zinc finger

protein (hZFP100) interacts with the U7 snRNP (Dominski et al., 2002 ;
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Azzouz et al., 2005 ; Wagner et al., 2006) and SLBP binds to stem-loop
histone mMRNAs (Wang et al., 1996 ; Martin et al., 1997).

Importantly, histone genes lack introns. Therefore, the processing
of histone pre-mRNA requires only endonucleolytic cleavage which
occurs at the end of a conserved ACCCA sequence following the stem-
loop (Gick et al., 1986). Following processing, the downstream cleavage
product is degraded by 5’-3” exonuclease activity (Walther et al., 1998).
The N-terminal region of Lsm11 interacts with the N-terminal region of
FLICE-associated huge protein (FLASH) which recruits the histone pre-
MRNA cleavage complex (HCC) including CPSF73 (and its homologue
CPSF100) and the scaffolding protein symplekin (a key component of
HLF) to form the cleavage complex involved in histone mRNA 3’ end
processing (Dominski et al., 2005 ; Kolev and Steitz, 2005 ; Sullivan et
al., 2009 ; Yang et al., 2009). Recently, the splicesomal U2 snRNP has
been identified in the processing of the intronless histone mMRNAs by
stimulating U7-dependent histone pre-mRNA processing (Friend et al.,
2007). After processing, only SLBP remains bound to the stem-loop

(Dominski et al., 1995) (Figure 1.12).
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Figure 1.11 Structure of histone pre-mRNA

The structure of histone pre-mRNA contains the conserved stem-loop
sequence, the cleavage site and HDE. For the formation of a mature
histone mRNA, it requires only endonucleolytic cleavage is required.
This occurs at the cleavage site in the 3’ untranslated region between two
conserved cis-acting elements, the highly conserved hairpin structure
and the purine-rich spacer element in order to form a mature histone

MRNA.
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Figure 1.12 Histone mRNA metabolism

Histone mRNAs are up-regulated at the G1/S boundary as a result of
phosphorylation of NPAT by CyclinE/Cdk2. A cleavage complex
containing CPSF73, CPSF100, symplekin and CSTF64 is recruited to
cleave the pre-mRNA. Within this complex, endonucleolytic cleavage by
CPSF73 as directed by the U7 snRNP produces the mature histone
MRNA. The U7 snRNP contains a heptameric ring of five Sm proteins
and two U7 snRNP-specific Sm-like proteins, LSM10 and LSM11.

LSM11 contacts ZFP100 and FLASH, which also interacts with the
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SLBP-stem-loop complex. Export from the nucleus to the cytoplasm

occurs in a TAP dependent manner.

1.11.2.3 Export

SLBP is imported into the nucleus by the importin a- importin
B-transport factors (Erkmann et al., 2005). The mature histone mRNP
with bound SLBP is rapidly exported to the cytoplasm via the canonical
MRNA transport factor TAP (Erkmann et al., 2005 ; Huang et al., 2003).
However, it was reported that nuclear cap binding complex (CBC)
(two main subunits CBC20 and CBC80) links to the 5’end of intronless
transcripts connecting SLBP for mRNA export (Muller-McNicoll and

Neugebauer, 2013).

1.11.2.4 Translation

Accumulation of histone mRNA is a result of an increase in the
rate of histone gene transcription and the efficiency of histone pre-
MRNA processing. SLBP is also required for the regulation of histone
MRNA translation and is found on polysomes in the presence of an intact
stem-loop (Sanchez and Marzluff, 2002 ; Gorgoni et al., 2005). The
protein accompanies the mature mRNA to the cytoplasm as a component

of the histone messenger ribonucleoprotein particle (mMRNP), where
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it plays a role in translation of the mRNA (Sanchez and Mazluff, 2002).

Histone mRNA stem-loop is necessary for translation efficiency
as well as the stability of the mRNA, and like the poly (A) tails which
use to stimulate translation in vivo (Gallie et al., 1996). This function is
mediated by SLBP, which stimulates cap-dependent translation initiation
factors: the CBP80/20-dependent translation initiation factor (CTIF),
CBC with translation initiation factors, elF4F, elF4E elF4G and elF3
(Ling et al., 2002 ; Lejeune et al., 2004). The cap structure of histone
MRNAs is bound by either CBC or elF4E (Magquat et al., 2010 ; Choe et
al., 2013). Moreover, the CTIF, which is localised in cytoplasmic side of
nuclear envelope, binds to CBP80 in the mRNA being exported (Kim et
al., 2009). The CBP80-CTIF complex then recruits elF3 which, in turn,
recruits the small subunit of ribosome (40S) to initiate the first round of
translation in the cytoplasm (Ishigaki et al., 2001).

Recently, SLBP Interacting Protein 1 (SLIP1) has been shown to
be a histone mRNA-specific translation initiation factor (Cakmakci et
al., 2008). The SLBP-SLIP1 complex assembles on the 3’UTR region of
histone mRNA to regulate its translation by bridging the 5” and 3’ ends
of histone mRNA bound by elF4E/elFAG and SLBP leading histone
MRNA to a closed-loop configuration (Ling et al., 2002 ; Gorgoni et al.,

2005 ; Nicholson and Muller, 2008 ; Neusiedler et al., 2012).
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The resultant multicomponent complex includes the SLBP-SLIP1-
histone mRNA ternary complex is exported to the cytoplasm where
it stimulates translation of histone mRNAs. In the cytoplasm, SLBP is an
inactive unphosphorylated form due to the formation of an SLBP-SLIP1
heterotetramer complex that cannot bind other histone mRNAs. It is
thought that the assembly of the SLBP-SLIP1 complex facilitates
SLIP1’s protection of SLBP from proteolytic degradation machinery in
the cell (Bansal et al., 2013). At the end of S phase, SLBP needs to be in
an inactive form that involves removal of SLBP from the histone 3’UTR.
This is achieved by dephosphorylation at T171 in the highly conserved
TPNK sequence by phosphatase PP2A acting in concert with the prolyl
isomerase Pinl and, resulting in dissociating of the SLBP-SLIP1
heterotetramer to the SLBP-SLIP1 heterodimer (Krishnan et al., 2012).
SLBP dissociates from the histone mRNA prior to histone mRNA
degradation in the cytoplasm by the exosome-mediated degradation. The
phosphorylation of Thrl71 is required for efficient import of SLBP into
the nucleus (Krishnan et al., 2012). SLBP is eventually phosphorylated
at Thre0 and Thr61 by cyclin A/Cdk1 to trigger SLBP degradation by
the ubiquitin proteasome system at the end of the S phase as well as
histone MRNAs are degraded (Zheng et al., 2003 ; Koseoglu et al., 2008

. Krishnan et al., 2012). The control of SLBP polyubiquitination is
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required Pinl which may regulate SLBP phosphorylation at the

N-terminus at Ser20 and Ser23 (Krishnan et al., 2012).

1.12 Regulation of histone mRNA during the mammalian

cell cycle

Cell cycle progression is driven by a class of protein kinases, the
cyclin-dependent kinases (Cdks), which are involved at different stages
of cell cycle transition. The initiation of DNA replication requires the
activation of Cyclin E/cdk2 (Sanchez and Dynlacht, 2005). Cyclin
A/Cdk2 activity is required for continued progression through S phase
(Yam et al.,, 2002). The progression through mitosis requires the
activation of Cyclin B/cdkl which induce nuclear envelope breakdown
resulting in chromosome condensation (Hara et al., 2012).

The replication of DNA is coupled to histone synthesis in order to
provide enough histones to newly replicated DNA. When DNA
replication is complete, the accumulation of histone protein must stop
quickly. The biosynthesis of histone is started with the up-regulation of
histone gene transcription. This is activated by the phosphorylation of
the transcription factor p220"**" (NPAT) by cyclin E/Cdk2 prior to
entry into S phase, as well as the initiation of DNA replication by cyclin

E/cdk2 activating cdc6 (Ma et al., 2000 ; Zhao et al., 2000 ; Ye et al.,
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2003 ; Koseoglu et al., 2010). The level of histone mRNA concentration
is rapidly increased at the beginning of S phase with half-life
approximately 40 min and fall down at the end of S phase with a short
half-life 10 min (Harris et al., 1991) (Figure 1.13).

The function of SLBP results in the formation of mature histone
MRNAs. It is unsurprising therefore that cell cycle controls signal to
regulate SLBP levels appropriately. SLBP is kept low in G1 phase to
limit histone mRNA processing and histone mRNA production
(Whitfield et al., 2000 ; Zheng et al., 2003) which is controlled by
simultaneous synthesis and degradation at G1-phase involving two
mechanisms:

(1) low translational efficiency of SLBP mRNA (Whitfield et al.,
2000)

(2) proteasome mediated degradation (independent of S/G2
degradation mechanism) of SLBP in Gl-phase (Djakbarova et al.,
2013).

At late G1/beginning of S phase, the levels of SLBP increase
10- to 20-fold after induction of cyclin E (Marzluff and Duronio, 2002 ;
Marzluff et al., 2008). This is proposed to be the main reason for the
increase in transcription of replication dependent histone genes, increase

in histone mRNA processing efficiency and finally accumulation of
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histone mRNAs in S-phase (Harris et al., 1991 ; Whitfield et al., 2000 ;
Zheng et al., 2003 ; Marzluff et al., 2008). However, the level of SLBP
MRNA does not significantly change throughout the cell cycle
(Whitfield et al., 2002). At the end of S phase, SLBP is rapidly degraded
as it is targeted for proteasomal destruction following phosphorylation of
Thr6l by cyclin A/cdkl. This primes the phosphorylation of Thr60 by
CK2 to stop histone mRNA processing, resulting in a rapid decrease in
histone mRNA levels (Whitfield et al., 2000 ; Zheng et al., 2003 ;

Koseoglu et al., 2008 ; Koseoglu et al., 2010).
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Figure 1.13 Schematic diagram for the regulation of histone mMRNA and
SLBP throughtout cell cycle (picture was redrawn from Marzluff et al.,
2008).

The changes in levels of histone mRNA, SLBP and SLBP mRNA du
ring the cell cycle. CyclinE/Cdk2 activation leads to phosphorylation of
NPAT and likely translation of SLBP mRNA, resulting in histone
MRNA accumulation. At the end of S phase, histone mRNA and SLBP
are degraded. However, under DNA synthesis inhibition, only histone

MRNA decay happens but SLBP is still stable.
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1.13 Histone mRNA decay

Histone mRNA decay is the key regulation step operated by a
system to monitor histone accumulation and eventually promote the
degradation of histone mMRNA at the end of S phase. Therefore, histone
MRNA decay is likely to be a surveillance mechanism during S phase of
cell cycle.

Most cellular mRNA decay is effected by a multi-protein complex
termed the exosome, which brings about 3°-5° exonucleolytic
degradation. Histone mRNA decay is a translation-dependent process
and requires 3’ oligouridylation, decapping of the mRNA and both
5’-3” and 3’-5’ nucleases that include exosome components (Mullen and
Marzluff, 2008).

Histone mRNA decay also occurs when DNA synthesis is
inhibited, resulting in a rapid repression of histone gene expression
(Marzluff et al., 2008) and S phase arrest (Nelson et al., 2002). Histone
gene expression appears to be one target of the intra S phase checkpoint.
In support of this notion, replication stress-induced histone mRNA decay
is blocked in the presence of inhibitors of checkpoint signalling (Kaygun
and Mazluff, 2005a ; Muller et al., 2007). However, replication stress
does not induce histone mMRNA decay via destabilisation and proteolytic

destruction of SLBP, because the protein SLBP remains to be detected
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after prolonged periods of replication stress (Kaygun and Mazluff,
2005¢).

To date, there are two models have been proposed to explain how
histone mMRNA degradation occurs under DNA damage and replication
stress.

The first model suggests the binding of Up-frameshift protein 1
(Upfl) to histone mRNP or the ribosome is the critical step in triggering
histone  mRNA degradation (Kaygun and Marzluff, 2005b). The
phosphorylation of Upfl and/or SLBP by specific replication stress or
double-strand breaks activated transducer Ataxia telangiectasis and Rad3
related (ATR) or DNA-dependent protein kinase (DNA-PK) (Muller et
al., 2007 ; Kaygun and Marzluff, 2005a), results in (1). Upfl binds to
histone MRNP via SLBP or (2). Upfl binds to the stalled ribosome due
to the alteration of histone mRNP and modification of SLBP and/or
translation release factors (eRFs).

Moreover, there are two ways to initiate histone MRNA
degradation

(1). Upfl binds to the decapping complex (Dcpl/Dcp2) and the
Xrnl 5°-3° exoribonuclease, which are involved in degrading mRNA

from its 5° end (Kaygun and Marzluff, 2005b).
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(2). The recruitment of Upfl stimulates the specific recruitment of
the terminal uridylyl transferases (TUTases) which oligouridylate to 3’
MRNA end. The Lsm 1-7 complex binds this tails and recruits decapping
complex (Dcpl/Dcp2) to remove the 5 cap of the mRNA (Coller et al.,
2001). Then mRNA is degraded from 5°- 3’ by the Xrnl exoribonuclease
or degraded from 3’ - 5° exonuclease by exosome components (Mitchell
et al., 1997). Moreover, recent data finds that 3’hExo selectively
degrades oligouridylated histone mRNAs (Dominski et al., 2003 ;
Mullen and Marzluff, 2008 ; Hoefig et al., 2013).

The second model (Figure 1.14) proposes that direct interacting of
cap-associated initiation proteins (CBC or CBP80/20) with SLBP is the
critical step in triggering histone mRNA decay (Choe et al., 2013).
In eukaryotic translation, CBC-bound mRNAs are precursors of
elFAE-bound mRNAs in cytoplasm (Lejeune et al., 2002 ; Maquat et al.,
2010). In the nucleus, the cap structure of newly synthesised mRNAs-
bound CBC is exported from the nucleus to cytoplasm. During or after
MRNA export with the action of importin o/ in a translation-
independent manner, the CBC is replaced by elF4E in cytoplasm (Sato
and Magquat, 2009). The pioneer round of translation of CBC-bound
MRNAs begins with the cap-bound CBC recruits CTIF by direct

interaction, then CBP80-CTIF at the 5’end of mRNA recruits the elF3
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complex and the small subunit of ribosome (40S) is recruited to that
complex (Ishigaki et al., 2001 ; Kim et al., 2009 ; Maquat et al., 2010).
However, the recruitment of CTIF towards the 5° end of mRNA by CBC
may occur in the nucleus or during mRNA export.

Under replication stress, the replication-dependent histone mRNP
switch from an actively translating mode to an mRNA degrading mode.
SLBP is likely to interact with CBP80/20-dependent translation (CT)
complex as a CT initiation factor (CTIF)-interacting protein, but not with
the elF4E-dependent translation (ET) complex. The translational
function of SLBP normally requires elF4E, elF4G and elF3 (Ling et al.,
2002). When cells encounter DNA damage or replication stress,
remodelling of histone MRNP to CT complex results in weak interaction
of SLBP-elF4AGI/II or SLIP1-elF4GI/II. The role of the 3’hExo may only
decrease the stimulation of translation but it is not involved in histone
MRNA degradation in mammalian cells (Mullen and Marzluff, 2008)
or Drosophila (Kupsco et al. 2006).

Moreover, there is the competition between CTIF and Upfl for
SLBP binding which Upfl interacts with SLBP more strongly upon the
inhibition of DNA synthesis, promoting the release of CTIF and elF3
from SLBP containing histone mRNP (Choe et al., 2014). In addition,

hyperphosphorylation of Upfl recruits PNRC2 and SMG5 to trigger
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decapping and then the histone mRNA degradation by 5’-to-3’
degradation (Choe et al., 2014).

However, the molecular details and signalling pathway which
cause the remodelling of CBP80/20-bound histone mRNP to trigger

histone mRNA degradation are currently unknown.
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Figure 1.14 Proposed model of histone mRNA degradation and possible
pathways for initiate histone mRNA degradation under DNA damage
and replication stress.

Histone mRNA degradation normally occurs on (A) mRNA undergoing
elF4E-dependent translation, but under DNA damage and replication
arrest, translation largely occurs would be replaced by CBP80/20

(B) CBP80/20-dependent translation. (C) The initiation of histone
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MRNA degradation involved the recruitment of a Upfl and
oligouridylation of the 3° end of histone mRNA. Lsm1-7 binds to the
oligo (U) tail, promoted by Lsm4 binding to the SLBP and 3’hExo.
(D) Subsequently the histone MRNA can be degraded both directions, 3’

to 5’ or 5’ to 3’ degradation.

1.14 Connection between histone mMRNA degradation and

the cell cycle checkpoints

Histone mMRNA degradation is a regulatory step to ensure proper
histone mMRNA levels at the end of S phase and after the inhibition of
DNA synthesis.

Muller and colleagues (2007) reported that the phosphorylation
activity of ATR and DNA-PK but not ATM is required for histone
MRNA degradation after DNA replication arrested.

Phosphorylation of Upfl is thought to be a crucial step in histone
MRNA  degradation  through the interaction with  SLBP.
The serine/glutamine motifs (SQ motifs) and threonine/glutamine motifs
(TQ motifs) of Upfl are phosphorylated by phosphatidylinositol-
3-kinase-related protein kinase (PIKK) family (YYamashita et al., 2001).

However, the relative important of this pathway is unknown.
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1.15 SLBP phosphorylation and known functions (Figure

1.15)

The expression of histone gene begins at Histone Locus Body
(HLB) which contains factors required for processing histone mRNAS
(Nizami et al., 2010). Phosphorylation of T171 is necessary for
recruitment of SLBP to the stem-loop to the site of histone pre-mRNA
processing in the nucleus. During S phase, SLBP remains
phosphorylated at T171 and accompanies the histone mRNP to the
cytoplasm for histone mRNA translation. At the end of S phase,
dephosphorylation of SLBP in its RNA binding domain by Pinl and a
phosphatase remove SLBP from the 3° UTR, resulting in histone mRNA
decay via exosome-mediated mMRNA degradation and subsequent
ubiquitination proteasomal degradation of SLBP. The degradation of
SLBP at the end of S phase is mediated by phosphorylation at Thr60 and
Thr6l by cyclinA/Cdkl1 (Zheng et al., 2003). The released SLBP in the
cytoplasm may return to the nucleus for recycling or degradation.
Additionally, the phosphorylation of Ser 20 and Ser 23 may be control
SLBP polyubiquitination by proteasomal degradation acting as a
phosphodegron (by exposing amino acids, Ser 20 and Ser 23, this
phosphorylation may reveal important portions of SLBP sequence that

participates in, regulation of SLBP degradation rates) during S phase.
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Importantly, the kinases that phosphorylate SLBP at Ser 20, Ser 23 and

Thr 171 remain unknown (Krishnan et al., 2012).

Figure 1.15 The model between SLBP and histone mRNA decay during
S phase and at the end of S-phase (figure was redrawn from Krishnan

etal., 2012).
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1.16 Mass spectrometry(MS)-based quantitative proteomics
using stable isotope labelling by amino acids in cell

culture (SILAC)

Mass spectrometry (MS) has increasingly become the method of
choice for study of complex protein samples especially MS-based
quantitative proteomics for analysis of protein-protein interactions, post-
translational modification (PTM) and protein profiling etc. (Aebersold
and Mann, 2003 ; Dephoure et al., 2012).

Applying proteomics to protein interactions has advantages
compared to two-hybrid and chip-based approaches. The protein or
modified protein itself can serve as a bait to isolate its binding partners
as multicomponent complexes in the native environment and cellular
location using affinity-purification approach followed by MS (Aebersold
and Mann, 2003 ; Dunham et al., 2012). However, the purification step
Is important to allow specific isolation of the protein of interest and its
partners and the concomitant reduction in complexity is less challenging
for MS analysis (Dunham et al., 2012).

So far, MS-based quantitative proteomics using SILAC develop
the study of stable or transient protein interactions and its partners using

accurate quantification of SILAC analysed by MaxQuant computational
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platform (Cox et al., 2009). The stable-isotope ratios distinguish between
the protein composition of two or more protein complexes (Bantscheff et
al., 2007 ; Ong and Mann, 2007 ; Boulon, 2012). For example, in the
case of a sample containing a complex and a control, the method can
distinguish between true complex and nonspecific components or in the
case of complexes isolated from cells at different conditions/states, the
method can identify the dynamic changes in the composition of protein
complexes at that conditions/states (Aebersold and Mann, 2003 ; Park et
al., 2012).

There have been many studies looking for RNA-RNA and RNA-
protein interactions in different biological targets such as RNA nuclear
exosome complex (Lubas et al., 2011), mRNA export (Gebhardt et al.,
2015) and nucleolar dynamics under stress conditions. However, the
study of histone mRNA degradation focusing on SLBP under DNA

damage and replication arrest has not previously been elucidated.
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1.18 Aim

When cells are exposed to replication stress, one cellular response
iIs the rapid induction of histone mMRNA decay, the purpose of which is to
ensure the co-ordination of histone protein production with the synthesis
of newly produced DNA. The precise mechanism by which replication
stress signals to the histone mRNA homeostatic machinery is not well
understood. The aim of this work is to establish a cell model for the
analysis of SLBP, a key protein component of histone mRNA
homeostasis, and to use mass spectrometry approaches to investigate
SLBP status including post-translational modifications and interacting
components, to identify and characterize molecular events and
interacting proteins associated with SLBP-mediated histone mRNA

degradation as a consequence of replication stress.
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Chapter 2

Materials and Methods

2.1 Materials

All of the formulation of the solutions, the sequences of primers,
the characteristics of the plasmids and the antibodies used in the study
are described in the corresponding Appendices. (Appendix A: Solution
recipes, Appendix B: List of antibodies, Appendix C: List of
oligonucleotides, Appendix D: List of plasmids, Appendix E: Flag-
tagged SLBP protein sequence, Appendix F: Flag-tagged SLBP cDNA

sequence, Appendix G: HA-tagged SLBP cDNA sequence).

2.2 Methods

2.2.1 Molecular Biology Techniques

2.2.1.1 cDNA synthesis
The human SLBP cDNA was generated by Omniscript reverse
transcription (QIAGEN) of HeLa cell total RNA. The specific PCR

product of SLBP was amplified from SLBP cDNA using the Phusion®

96



high-fidelity DNA polymerase (NEB) following amplification

conditions.

The cycling parameters were as follow.

Segment Cycle Temperature Time
1 1 98 °C 30 sec

98 °C 10 sec

2 30 50-60 °C 15 sec

72 °C 15 sec

3 1 72 °C 5 min

2.2.1.2 Plasmid construction

For untagged expression, the relevant SLBP PCR product was
directionally cloned into pCl-neo following digestion with EcoRI/Notl.
For the Flag-tagged vector, pPCMV-Tag 2A, the relevant SLBP PCR
product and parent plasmid was digested with EcoRI/Xhol. The using of
standard cloning procedures was performed as described in section 2.22

and verified by DNA sequencing.
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2.2.1.3 pcDNA/FRT/TO/CAT-Flag-SLBP construction

A single N-terminal flag was added by PCR to
PcDNA/FRT/TO/CAT-Flag-SLBP using the Phusion High-fidelity DNA
polymerase (NEB) (see appendix D and F). The digestion was performed

with Xmall/Notl.

2.2.1.4 Introduction of siRNA resistance mutation into SLBP

Two silent mutations (A327G and A330C) (Figure 2.1) conferring
resistance to a specific SLBP siRNA were generated using the
Quickchange mutagenesis kit (Stratagene) to generate Flag-SLBP™

(see mutagenesis section for conditions).

F
v

810 bp
[ SLBP I

[CFrac ] | SLBP |

R E R K S S s
WI/AGA GAG AGA AAA TCA TCA TCA
2M AGA GAG AGA AAG TCC TCA TCA

327 330
Figure 2.1 Schematic representation of the Flag-SLBP™. The SLBP-
SIRNA target sequence is indicated by capital letters. Red bold/italic

letters are mutations.
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2.2.1.5 pcDNA/FRT/TO/CAT-Flag-SLBP"™ construction

A single N-terminal flag was added by PCR to
pPcDNA/FRT/TO/CAT-Flag-SLBP™ using the Phusion High-fidelity
DNA polymerase (NEB) (see appendix D and F). The digestion was

performed with Afll1/Xhol.

2.2.1.6 Alanine and glutamic acid substitution of SLBP S182
generation

The appropriate primers were used to amplify S182A and S182E.
Alanine and glutamic substitution mutagenesis was performed using the

Quickchange mutagenesis kit (Stratagene).

2.2.1.7 DNA digestion with restriction enzymes

DNA digestion was performed by using miniprep DNA or
maxiprep DNA (QIAGEN). Analytical digests were performed in a
maximum volume 60 pl using 10 unit of restriction enzyme per
microgram of DNA, appropriate enzyme buffer and milliQ H,0. 10% of
total digest reaction mix was used to confirm digest by agarose gel

electrophoresis.
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2.2.1.8 DNA ligation

The parental plasmid and the digested DNA were ligated using T4
DNA ligase (NEB). The amount of the digested vector and DNA were
varied from 1:1 to 6:1 ratios. The reaction was incubated overnight at
room temperature. Control reactions including plasmid-only ligation

reactions and T4 DNA ligase-free reactions were also set up.

2.2.1.9 Electrophoretic analysis of DNA

The electrophoresis apparatus was prepared and the
electrophoresis tank was filled with 1x TAE buffer (see appendix A) to
cover the agarose gel. The appropriate amount of agarose was
transferred to a flask with 100 ml of 1x TAE. The slurry was heated until
the agarose dissolved and allowed to cool to 60 °C before adding
ethidium bromide to a final concentration of 1 pg/ml. The agarose was
poured into the gel mould and then the comb was positioned. After the
gel was completely set, the comb was removed and the gel mould was
moved in the electrophoresis tank. The DNA samples were mixed with
1x loading buffer and loaded into the wells using a pipette. The
molecular weight marker set DNA hyperladder | (NEB) was also loaded
into the wells as reference. The tank lid was closed and the electric

current was applied across the gel (typically 100 V, 400 mA for 45-60
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min) so that the DNA migrates toward the anode. After electrophoresis,
the gel was examined under UV light at 312 nm, photographed and

analysed with Uvitech UviProchemi camera system.

2.2.1.10 Purification of DNA (QlAquick PCR purification Kit)
from reaction mixtures

DNA was purified using a kit from Qiagen according to the
manufacturer’s instructions. The kit was used to purify DNA fragments
generated by PCR or following other enzymatic reactions. Briefly, 5x
volumes of Qiagen buffer PB were added to 1 volume of the solution to
be purified and mixed. The sample was added to a spin column placed in
a collection tube and centrifuged for 1 min. at 13,000 rpm to bind DNA.
The flow-through was discarded and the column washed with 0.75 ml
Qiagen buffer PE by centrifugation for 1 min at 13,000 rpm. Then the
flow-through was discarded again. The column was placed back in the
same collection tube and re-centrifuged to remove traces of the washing
buffer. The column was then placed in a clean 1.5 ml microcentrifuge
tube and 50 pul of Qiagen buffer EB was added and allowed to stand for 1
min. DNA was eluted by centrifuge at 13,000 rpm for 1 min DNA was

stored at -20 °C.
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2.2.1.11 DNA extraction and purification from agarose gels
(QIAquick gel extraction kit)

DNA was extracted from agarose gel and purified using a kit from
Qiagen according to the manufacturer’s instructions. For agarose gel
extraction, SYBR Safe (Invitrogen) were used to stain DNA gel that can
be visualised by blue-light. A gel slice containing the DNA was excised
with a clean, sharp scalpel and weighed. The buffer QG 3 volumes were
added to 1 volume of weighed agarose gel and incubated for 10 min at
50 °C. After the gel slice had dissolved, 1 volume of isopropanol was
added and the solution was mixed. The solution was transferred to a
QIAquick column and centrifuged for 1 min at 13,000 rpm. The flow-
through was discarded and added 0.75 ml Qiagen buffer PE to the
column. The column was centrifuged for 1 min and re-centrifuged to
remove residual wash buffer. DNA was eluted in either 50 pl
(for plasmids) or 30 ul (PCR product) of Qiagen buffer EB into a clean

1.5 ml eppendorf tube by centrifugation for 1 min at 13,000 rpm.

102



2.2.1.12 Site-directed mutagenesis

Site-directed mutagenesis was performed using the QuickChange
kit (Stratagene) according to the manufacturer’s instructions. Each
reaction contained 10x Pfu ultra buffer (5ul), double-stranded DNA
template (10 ng), 5’primer (125 ng), 3’primer (125 ng), dNTP (1 pL of
100 mM mix (25 mM each of dATP, dGTP, dCTP, dTTP)),
Quicksolution (3 ul) in a final volume of 49 pl. 1 pl of Pfu ultra HF
DNA polymerase (Stratagene) was added to the reaction and mixed

gently. The cycling parameters were as follow.

Segment Cycle Temperature Time
1 1 95 °C 2 min

95 °C 30 sec

2 30 60 °C 1 min

68 °C 3 min

3 1 68 °C 5 min

Subsequently, the template plasmid was digested by adding 1 pl
of Dpnl restriction enzyme and incubating at 37 °C for 1 h. The

remaining DNA (mutated) was then transformed into XL-10 Gold ultra-

competent E. coli cells, as described in section 2.2.2.3 below.
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2.2.1.13 DNA sequencing

All DNA sequencing reactions were performed by staff of the
Genetic Core facility at the Medical school, University of Sheffield
using Applied Biosystems 3730 DNA Analyser. The manufacturer’s
standard protocol was 10 ul of 100 ng/ul DNA and 10 pl of 1 pmol/ul
primers per sequence reaction. DNA sequences were verified by the
visual inspection of raw sequence data using the 4peak program and

analysed using the DNA Strider program and BLAST online software.

2.2.2 Bacterial techniques

2.2.2.1 Antibiotic solutions and agar plates preparation

The antibiotics were routinely used. Stock solutions of antibiotics
and following concentrations in LB (Luria-Bertani) liquid medium and
LB agar plates were prepared as described. Kanamycin stock solution
was 10 mg/ml and used at 50 pg/ml. Ampicillin stock solution was 100
mg/ml and used at 100 pg/ml. The Antibiotic agar plates were generated
by adding the appropriate amount of stock antibiotic after partial cooling

of the media, and once set, agar plates were stored at 4 °C.
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2.2.2.2 Transformation of competent bacteria with plasmid
DNA
2.2.2.2.1 Routine cloning
DH5a competent cells were produced in Smythe Lab by D.Sutton

using the described method (Sambrook and Russel, 2001). Cells were
thawed on ice and 10% of each ligation reaction added to 20 pl cells and
gently swirled to mix. The cells were incubated on ice for 30 min.
Bacterial cells and DNA mixtures were heat shocked at 42 °C for 30 sec
and then placed on ice for 5 min. 200 pl of pre-warmed super optimal
broth with catabolite repression (SOC) media was added and cells were
incubated at 37 °C for 1 h with shaking at 225 rpm. The cells were then
plated on the appropriate antibiotic agar medium and incubated at 37 °C
overnight. Control transformations lacking, added DNA, or inserted

were also performed in parallel.

2.2.2.2.2 Cloning following site-directed mutagenesis
XL-10 gold ultra competent cells (obtained from Agilent
Technologies) were thawed slowly on ice. 45 ul of competent cells were
placed in pre-chilled 14 ml BD Falcon polypropylene round bottom
tubes. 2 ul of B-mercaptoethanol was added and the cells were incubated

on ice and swirled gently every 2 min for 10 min. 2 ul of Dpnl-treated

105



DNA was added and incubated on ice for a further 30 min. The cells
were heat shocked at 42 °C for 30 sec and then placed on ice for 2 min.
500 pl of pre-warmed NZY+ broth was added and incubated at 37 °C at
225 rpm for 1 h. 200 pl of the transformation was plated on the

appropriate antibiotic agar medium and incubated overnight at 37 °C,

2.2.2.3 lsolation of plasmid DNA from bacteria using
QIAquick spin miniprep kit

DNA was purified using a kit from QIAGEN according to the
manufacturer’s instructions. A single bacterial colony was transferred
into 4 ml of LB media containing 100 pg/ml ampicillin and incubated
overnight at 37 °C with shaking at 225 rpm. 1.5 ml of this culture was
transferred to an eppendorf tube and centrifuged at 13,000 rpm for 1
min. The media was removed and the process repeated to give a bacterial
pellet representative of 3 ml of culture. The pellet was then resuspended
in 250 pl of Qiagen buffer P1, 250 ul of Qiagen buffer P2 was added and
mixed by inversion until the solution became viscous and slightly clear.
350 pl of Qiagen buffer N3 was added and the sample inverted until the
solution became cloudy. The sample was centrifuged at 13,000 rpm for
10 min and the resulting supernatant was applied to a QlAprep spin

column placed in a collection tube. After centrifugation for 1 min at
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13,000 rpm, the flow-through was discarded. The column was washed
by adding 750 ul of Qiagen buffer PE and centrifuging at 13,000 rpm for
1 min. The flow-through was discarded and QIAprep column was re-
centrifuged at 13,000 rpm for an additional 1 min to remove residual
wash buffer. Finally, the column was transferred to a clean 1.5 ml
eppendorf tube, 50 pl of Qiagen buffer EB was added and let it stand for
1 min. prior to elution of the DNA by centrifugation at 13,000 rpm for 1
min. DNA obtained by this method was firstly used for DNA
sequencing, transfection, molecular biology experiment. DNA was

stored at -20 °C.

2.2.2.4 lIsolation of plasmid DNA from bacteria using
a PureLink®HiPure Maxiprep kit

DNA was purified using a kit from Invitrogen according to the
manufacturer’s instructions. A single bacterial colony was transferred
into 3 ml of LB media containing 100 pg/ml ampicillin and incubated at
37 °C in an orbital shaker rotating at 225 rpm for 6 h. This culture was
then transferred to 500 ml of LB media containing 100 pg/ml ampicillin
and incubated at 37 °C overnight in an orbital shaker rotating at 225
rpm. The culture was centrifuged at 4000 rpm for 10 min at 4 °C using a

Beckman Avanti J-26XP (JLA 8.1 rotor) centrifuge and media
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discarded. A maxi column was equilibrated by adding 30 ml of buffer
EQ1 and allowed to flow through. The bacterial pellet was resuspended
in 10 ml of buffer R3 (containing RNase A 20 pg/ml) and further diluted
with 10 ml of lysis buffer L7, mixed and left at room temperature for 5
min. DNA was precipitated by adding 10 ml of buffer N3 and sample
transferred to the equilibrated maxi column. Lysate filtered through the
column by gravity flow and was washed with 50 ml of buffer W8. The
flow through was discarded. A sterile 50 ml centrifuge tube was used to
collect eluted DNA after adding 15 ml of elution buffer E4. 10.5 ml of
isopropanol was added to the eluted DNA and centrifuged at 12,000 rpm
for 30 min at 4 °C, discarding the supernatant. DNA pellet was washed
with 5 ml of 70% absolute ethanol and centrifuged at 12,000 rpm for 5

min at 4 °C. Pellet was allowed to air dry before resuspending in 500 pl

of TE buffer. DNA was stored at -20 °C.

2.2.2.5 Glycerol stocks of transformed bacterial cells

Single colonies were picked from an agar plate and grown
overnight at 37 °C in an orbital shaker at 225 rpm in 4 ml of LB media
with the required selective antibiotic. 700 pl of cell culture was mixed

with 300 pl of sterile 50% glycerol. Cells were then stored at -80 °C.
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2.2.3 Tissue culture techniques

2.2.3.1 Mammalian cell culture

HeLa cells were cultured in DMEM with 4,500 mg/L glucose,
L-glutamine, and sodium bicarbonate (Sigma-Aldrich) supplemented
with 10% FBS (Sigma-Aldrich). Cells were incubated at 37 °C with 5%
CO2. Cells were trypsinised by 1x trypsin (Gibco, Life Technologies)

and subcultured 1:4 to 1:8 every 2-4 days.

2.2.3.2 Flp-IN cell lines

Stable cell lines were created by using Flp-In™ T-REx™ Core kit
according to the manufacturer’s manual (Invitrogen) in order to integrate
Flag-SLBP, HA-SLBP and mutants structures into the Flp-In™
TRex™ host HeLa cell line. T-Rex stage HeLa cells containing a single
integrated Flp recombination target (FRT) site has been acquired by the
Smythe lab. The line was generated by transfecting HeLa cells with the
pFRT/lacZeo vector that expresses a lacz-Zeocin fusion gene controlled
by the early SV40 promoter that contains a single FRT site and
maintained in DMEM supplemented with 10% FBS, 4 pg/ml Blasticidin
S hydrochloride (Fisher Scientific) and 50 pg/ml Zeocin (Invitrogen,

Life Technologies).
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To generate Flp-In stable cell lines, 100 mm dishes were seeded
with 1.6x10° T-Rex HeLa cells the day before transfection in media
containing 4 pg/ml Blasticidin S hydrochloride and 50 pg/ml Zeocin.
The following day, the plasmids PCDNAS/FRT/TO/CAT-Flag-SLBP
and pOG44 were co-transfected in a 1:9 ratio using Polyfect reagent
(Qiagen) (as described in section 2.2.3.4.1). Transfected cells were
maintained in DMEM supplemented with 10% FBS and 4 pg/ml
Blasticidin S hydrochloride for 24 h and then media was replaced with
fresh media containing 10% FBS and 4 pjg/ml Blasticidin S
hydrochloride for additional 24 h. After 48 h of transfection, cells were
removed and transferred into T25 flasks at a range of densities (10-40%
confluent) and then incubated for 4 h. After that the medium was
replaced with DMEM supplemented with 10% FBS, 4 pg/ml Blasticidin
S hydrochloride and 20 pg/ml Hygromycin B (Invitrogen, Life
Technologies) and was changed every 2-3 days until isolated colonies of
proliferating cells were observed. Then, these colonies expanded were
expanded to produce Flp-In stable cell lines. This process was repeated

for all plasmids used in this study.
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2.2.3.3 Doxycycline (Dox) treatment of Flp-1In cells
The expression of Flag-SLBP in Flp-In HelLa cell lines was
induced through the addition of a 0.1-1 pg/ml in the media for the

required length of time.

2.2.3.4 Mammalian cell transfection technique
2.2.3.4.1 Neon™ Transfection System

Cells were transfected with siRNA using Neon™ Transfection
System (Invitrogen) using the supplied protocol. FlpIn HeLa cells were
grown in a flask for one to two days prior to electroporation. On the day
of the experiment, the cells are 70-90% confluent. For 6.0 cm dishes, the
number of cells were 4x10° cells per each 100 pl Neon™ tip. Cells were
trypsinised, re-suspended and transferred to 15 ml conical tube. The cells
were counted to determine the cell density. Cells were centrifuged at 225
rpm for 5 min at room temperature. The supernatant was discarded and
washed the cells with PBS and re-centrifuged three times. Finally, the
cells were re-suspended in Resuspension Buffer R at a final density of
2x10° cells/ml and were gently pipetted to obtain a single cell
suspension. Before electroporation step, 6.0 cm dishes were prepared by
filling the dishes with 3 ml of DMEM with 0.5 pg/ml doxycycline and

pre-incubated dishes in a humidified 37 °C / 5 % CO, incubator.
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For electroporation step, 3 ml of Invitrogen Electrolyte buffer E was
filled in the plastic neon tube and inserted a tube into the Neon pipette
station. The Neon machine was set to the desired Pulse parameters. For
Filpin HelLa cells in 100 pl were set the following: Pulse voltage 1,400 /
Pulse width (ms) 20 / Pulse number 1. 110 pl of cells in Resuspension
Buffer R were transferred to the eppendorf tube containing 200 nM
siRNA. The Neon pipetted was pressed down to open the pipette clamp,
then insert the 100 ul Neon tip onto the Neon pipette pushing down
firmly. The cells/siRNA mixture were mixed by pipette up and down and
sucked up on the Neon pipette. The pipette and tip were inserted into the
tube filled with electrolyte buffer on the Neon pipette station. It was
ready to press “Start” on the Neon machine. The bubbles that appeared
around the tip demonstrate that electroporation was working. The pipette
was removed from the station and gently expelled the cell/siRNA
mixture by pressing the push-button down to the first stop into a tissue
culture dish containing pre-warmed media with doxycycline (Dox). The

final step was ejected tip by pressing to second stop.
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2.2.3.5 Cryo-preservation of cells

Cell lines were pelleted at 2,500 rpm for 5 min in a Biofuge Primo
Heraues bench top centrifuge (Heraeus #7591 rotor) and resuspended in
cell freezing medium. Cells were slowly frozen using a Mr. Frosty cell
freezing chamber (Invitrogen) at -80 °C for one week before being

transferred to liquid nitrogen for long-term storage.

2.2.4 Protein techniques

2.2.4.1 Whole cell extract preparation

For preparation of whole cell extracts for analysis by Western
blotting, dishes or plates containing HeLa cells were cooled on ice for a
few minutes. The media was aspirated and cells were washed twice with
ice-cold PBS. Cells were lysed by the addition of lysis buffer. The cells
were scraped and transferred to eppendorf tubes. The lysates were
snap-frozen on dry ice and subjected to three freeze-thaw cycles. The
lysates were then centrifuged at 13,000 rpm for 15 min at 4 °C and the
supernatants were transferred to new eppendorf tubes and stored at

-20 °C.
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2.2.4.2 Bradford assay

Protein concentration was determined using Bio-Rad Protein assay
reagent based on the protein dye binding method of Bradford (1976).
The protein sample being measured was mixed with Bradford reagent
and milli-Q H,O at the dilution 1:5. The absorbance was measured at
ODsgs and determined the concentration of protein by using known BSA

standard curve.

2.2.4.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Polyacrylamide gel electrophoresis was carried out under
denaturing condition using mini-gels (82 mm x 102 mm) according to
the method of Laemmli (1970). In my study, 12% polyacrylamide gels
were used. Water was added to protein samples to make up the total
volume of each sample equal with an appropriate volume of 5x sample
loading buffer. Prior to loading, protein samples were boiled at 95 °C for
5 min. Polymerised gels were assembled into the Bio-Rad Mini-
PROTEAN Il apparatus, before the inner and outer reservoirs were filled
with 1x gel running buffer and current applied to run protein samples
through the gel under typical electrophoresis conditions (120 V, 400 mA

for 3 h).
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2.2.4.4 Western blotting

Polyacrylamide gels were removed from their retaining plates, and
transferred to nitrocellulose membrane that sandwiched between 4 sheets
of Whatman paper at 100 V, 400 mA for 75 min using the Bio-Rad
Mini-PROTEAN Il apparatus. The nitrocellulose membrane was blocked
with either 5% milk or 5% BSA in TBS for 1 h at room temperature.
The membrane was incubated with primary antibody against the protein
of interest at a dilution between 1:500 and 1:5,000 in either 5% milk or
5% BSA in TBS at 4 °C overnight. Membranes were then washed in
TBS five times for min. The blots were then incubated with HRP-
conjugated secondary antibody at a dilution 1:5,000 in 5% milk in TBS
for 1 h at room temperature. Membranes were washed five times for
5 min in TBS and Amersham ECL Western Blotting Detection Reagent
(GE Healthcare) was added for 5 min. Bands were detected by exposing
the membranes to photographic film (Fuji film RX NIF) which was
developed using an Optimax 2010 X-ray film processor. Images were
quantified by using Image J software to determine the optical density. To
re-probe the membrane with a different antibody, it was stripped by
rotating on a rocker for 30 min in a stripping buffer. The membrane was

washed five times for 5 min in TBS, re-blocked for 1 h at room
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temperature and probed with new primary and secondary antibodies,

respectively.

2.2.4.5 Coilloidal Coomassie blue staining of SDS-PAGE

Gels were stained in coilloidal Coomassie blue staining solution
for at least 30 min before being de-stained in a solution of 40% methanol
and 10% acetic acid. Gels were dried on Whatmann 3MM papers using a

gel dryer (Gel Master™, Welch, Rietschle Thomas).

2.2.5 Flow cytometry

Flp-IN cells were seeded in 35 mm, 60 mm or 100 mm dishes at a
density of 0.5x10°-1x10° cells/cm?, depending on the experiment. For
bivariate flow cytometry, the medium was aspirated and replaced with
medium containing 25 uM BrDu and the cells were incubated at 37 °C
for 30 min. prior to fixation. The cells were washed twice with PBS and
detached from the surface of the dish by incubating with 0.05% trypsin-
EDTA in PBS (Gibco) for 5 min. A IFA buffer was added to a total
volume 10 ml. The cells were transferred to a falcon tube and
centrifuged at 1,000 rpm for 5 min at room temperature. The supernatant
was aspirated, leaving 0.5 ml behind in which the cells were

resuspended. 4.5 ml of ice-cold 70% ethanol was added dropwise while
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shaking at a low speed using a vortexer. The cells were incubated on ice
for 30 min and the centrifuged at 1,000 rpm for 5 min at 4 °C. Again, the
supernatant was removed, leaving 0.5 ml behind in which the cells were
resuspended. 4.5 ml of ice-cold 70% ethanol was added dropwise while
shaking and the cells were incubated on ice for a further 30 min. Cells
were stored at -20 °C if the flow cytometry was to be carried out on a
different day. Before analysis by flow cytometry, the fixed cells were
warmed to 4 °C if frozen. For univariate flow cytometry, the cells were
washed once with ice-cold PBS, resuspended in 1 ml of PI staining
solution and incubated at room temperature for a minimum of 30 min.
For bivariate flow cytometry, the cells were washed once with ice-cold
PBS, resuspended in 1 ml of ice-cold wash buffer and transferred to an
eppendorf tube. The cells were centrifuged at 2,200 rpm for 5 min at
4 °C. The supernatant was aspired and the cells were resuspended in 1
ml of 2M HCI. After incubating at room temperature for 20 min, the
cells were washed twice with ice-cold wash buffer by centrifuging at
2,200 rpm between washes and resuspended in 0.5 ml of 0.1 M sodium
borate at pH 8.5 in order to neutralise any residual acid for 2-3 min.
The cells were washed once with ice-cold wash buffer and resuspended
in 100 pl of ice-cold dilution buffer. Rat monoclonal anti-BrdU primary

antibody (Abcam) was added at a 1:50 dilution and the cells were
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incubated at room temperature for 30 min and then at 4 °C for 30 min
with occasional mixing. The cells were washed three times with ice-cold
wash buffer by centrifuging at 2,200 rpm between washes and
resuspended in 1 ml of ice-cold dilution buffer. Alexa Fluor® 488 goat
anti-rat secondary antibody (Invitrogen) was added at a 1:50 dilution.
The cells were protected from light and incubated at 4 °C for 1 h with
occasional mixing. The cells were washed three times with ice-cold
wash buffer by centrifuging at 2,200 rpm between washes. Finally, 1 ml
of PI stain was added to cells and incubated at room temperature for
a minimum of 30 min. Samples were analysed using a BD Bioscience
LSR Il flow cytometer at the Medical school and Stem cell facility,
Department of Biomedical Science, University of Sheffield. The data
analysis was performed using Flowjo software. Cells were irradiated
with a blue laser and the emission measured at 660 nm for Pl and

530 nm for Alexa Fluor® 488.
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2.2.6 Immuno-isolation (I-1) of Flag-tagged SLBP

Immuno-isolation of Flag-tagged SLBP using ANTI-FLAG® M2
Affinity resin (Sigma-Aldrich). This is a monoclonal antibody covalently
attached to agarose resin (Technical bulletin, Sigma-Aldrich, product
number A2220). Lysates were generated from Flp-In-HeLa cells stably
transfected with Flag-tagged SLBP grown in the presence of
doxycycline (15 cm dish) (70% confluent) treated or untreated with
5 mM HU (to induce replication stress) for 20 min. 1 mg lysate in a total
volume of 1 ml lysis buffer was incubated with 40 pl anti-FLAG M2
Affinity Gel for each I-i experiment. The samples were rotated at 4 °C
overnight. After protein binding, the supernatant was retained as
“depleted lysates” and the resin was washed three times with 0.5 ml
TBS. Bound protein can elute with 3X FLAG peptide, 0.1 M glycine
HCIl, pH 3.5 or SDS-PAGE Sample Buffer, depending on the
experiment. For 3X FLAG peptide elution, 100 pl of 3X FLAG elution
solution (300 ng/ul final concentration was diluted from 25 pg/ul of 3X
FLAG stock solution) was added to each sample. The sample was
incubated with gentle shaking for 1 h at 4 °C. The resin was centrifuged
for 30 sec at 8,000 rpm and then the supernatant was transferred to fresh

tubes. For 0.1 M glycine HCI, pH 3.5 elution, 100 pl of 0.1 M glycine
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HCI, pH 3.5 was added to each sample. The sample was incubated with
gentle shaking for 5 min at room temperature. The supernatant was
removed after centrifugation at 8,000 rpm for 30 sec at 4 °C and the pH
returned to neutral by transferring the supernatant to fresh tubes
containing 10 pul of 0.5M Tris HCL, pH 7.4. For SDS-PAGE Sample
Buffer elution, 20 ul of 2x gel loading buffer was added to each sample.
The sample was boiled for 5 min and spined down for 30 sec at 4 °C.
Then, the supernatant was transferred to fresh tubes. All supernatant
were stored at -20 °C until further analysis by SDS-PAGE, western

blotting or mass spectrometry.

2.2.7 Protein purification

2.2.7.1 Preparation of recombinant GST-SLBP-6xHis

The modified pGEX-6P-1 plasmid (termed pGEX6SLBPHIS)
encoding the GST-SLBP-6xHis fusion protein was transformed into
E. coli strain BL21 DE3 pLysS. 5 ml of LB medium containing 100
ug/ml ampicillin was inoculated with a single colony of transforming
bacteria. The bacteria were then incubated overnight at 37°C with
shaking at 225 rpm before being transferred to 100 ml of LB/ampicillin
until the culture reached an ODgg = 0.4. Recombinant protein expression

was induced with 1 mM IPTG with cultures maintained either at 30 °C
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or 37 °C until each culture reached ODgqo = 1.2. For a pilot 100 ml of
culture, bacteria were harvested by centrifuging at 3,000 rpm for 3 min.
The supernatant was discarded. The pellet was re-suspended in 25 ml of
0.9% NaCl and re-centrifuged again. The bacteria cells were
re-suspended in 10 ml of buffer A and were left on ice for 30 min. The
suspension was diluted with 1 ml of buffer B and was kept on ice for 1 h.
The suspension was then added 0.1% (by weight) sodium deoxycholate,
10 mM MgCI, and 25 ul Dnasel (stock 2,000 U/ml) and was also kept
on ice for 15 min until suspension was no longer viscous. The lysate was
clarified by centrifugation at 13,000 rpm for 30 min. The supernatant
was aspirated (~1.5 ml). 80 pl of packed glutathione agarose beads were
added to the lysate and incubated 45 min. at 4°C on a rotating wheel.
To isolate GST-tagged protein, the washed glutathione agarose beads
were washed five times with buffer C and then GST-SLBP-6xHis was
eluted three times with buffer C containing 5 mM glutathione, pH 8.0.
For large scale, 4 litres of culture was added 3 ml of packed
glutathione agarose and the washed glutathione agarose beads were
added to the clarified lysate and incubated for 1 h at 4 °C on a rotating

wheel.
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2.2.8 RNA techniques

2.2.8.1 Phenol-chloroform RNA extraction

Cells were washed twice in PBS before addition of 1 ml of
TRI reagent (Sigma) and incubated for 5 min. Cells were detached by
pipetting up and down and transferred to new eppendorf tube. 0.2 ml of
chloroform was added to eppendorf tube, vortexed for 20 sec and then
centrifuged at 12,000 rpm for 15 min at 4 °C. The colourless upper
aqueous phase was taken to a clean eppendorf tube and 0.5 ml of
isopropanol added. The mixture was inverted for a few times, incubated
for 10 min at room temperature and then centrifuged at 12,000 rpm for
10 min at 4 °C. The supernatant was aspirated. The RNA pellet was
washed with 70% ethanol and centrifuged at 8,000 rpm for 5 min at
4 °C. The supernatant was aspirated again and the RNA pellet was
air-dried in fume hood. 20 ul of Rnase-free water was added to the dried
RNA pellet. RNA concentration was determined by absorbance
measurement at 260 nm using a NanoDrop ND-1000 spectrophotometer

and samples were stored at -20 °C.
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2.2.8.2 Reverse transcription

For the analysis of histone mRNA decay, RNA (2 g per reaction)
was reverse transcribed using the High Capacity RNA-to-cDNA Kit
(Applied Biosystems). The total reaction volume was made up to 20 pl

with Rnase-free water. The mixture was incubated at 37 °C for 1 h and
then 95 °C for 5 min. cDNA was quantified using a NanoDrop ND-1000

spectrophotometer and samples were stored at -20 °C.

2.2.8.3 Quantitative real-time PCR (qPCR)

gPCR was carried out using Bio-Rad C1000 Touch thermal cycler
with a CFX96 real-time PCR detection system. The master mix reaction
containing 5 pl of SYBR Green JumpStart Taq ReadyMix (Sigma-
Aldrich), 0.1 ul (100 uM stock solution) of forward and reverse primers
(Invitrogen) and water to a total volume of 9 pl were added each to the
wells of a 96-well qPCR plate. 10 pg of cDNA was diluted with water to
a concentration of 100 ng/ul and 1 pl of the 100 ng/pl solution was
added to the wells. The plates were sealed with StarSeal polyolefin film
(STARLAB). The target cDNA was amplified using a program

consisting of 40 cycles. The cycling parameters were as follow.
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Segment Cycles Temperature Time

1 1 94 °C 2 min
94 °C 15 sec
2 39
64 °C 30 sec

Each sample was analysed in triplicate. The results were
quantified by comparison to a standard curve made by combining cDNA
from all samples and analysing serial dilutions on the qPCR plate.
A well containing no template was included to check for contamination
and the formation of primer-dimers. Control targets (GAPDH) were
amplified to allow for variations in plate loading. The data was analysed

using Microsoft Excel, Prism and Bio-Rad CFX manager softwares.

2.2.8.4 Analysis of alternative mRNA splicing

The analysis of alternative splicing by PCR amplification using
cDNA as a template, primers as shown in Rattray et al. (2013). The PCR
components contained final concentration; 0.5 puM of forward and
reverse primers, 1x Phusion® buffer contained and Phusion® High-
Fidelity DNA Polymerase (NEB) and 100 ng cDNA template. PCR

reaction was performed for 30 sec at 98°C, followed by 35 cycles of 10
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sec at 98°C, 30 sec at 64°C and 1 min 72°C, followed by a final 10 min

at 72°C. The PCR products were eletrophoresed on 1.5% agarose gel.

2.2.9 The Weel kinase assay

2.2.9.1 Isolation of the substrate

The immuno-isolation of Flag-SLBP™ (SLBPwt) and Flag-
SLBP"™%% \vere performed as described in section 2.2.6. However, the
lysis buffer was prepared in the absence of phosphatase inhibitors. After
overnight incubation with ANTI-FLAG® M2 Affinity resin, the mixture
was treated with 5 pl of lambda phosphatase in 1x lambda phosphatase
buffer at 30 °C 10 min with mild shaking. The beads were washed with
lysis buffer containing phosphatase inhibitor before eluting with kinase

assay buffer without phosphatase inhibitors and 3X FLAG peptide.

2.2.9.2 Kinase assay

Before the experiment, 1 mM ATP (containing radioactive
(gamma-32P) ATP at 10° cpm per nmol) was prepared, the WEE1 and
kinase assay buffer were added into 1.5 ml microcentrifuge tube. The
reactions were started by adding 2 pl of 10 mM Mg acetate and 1 mM

ATP (containing radioactive (gamma-32P) ATP at 10° cpm per nmol).
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The tubes were incubated at 30 °C for 30 min. The reactions were
stopped by adding 5 pl of 5x SDS loading buffer and run out on the
SDS-polyacrylamide gel electrophoresis as described in section 2.2.4.3.
The gel was dried on a Whatman 3.0 paper, and the the dry gel was
exposed to an autoradiogram. The cassette was kept at -80 °C for

overnight or the desired time.

2.2.10 Proteomic techniques

2.2.10.1 InstantBlue™ staining compatible with mass

spectrometry

After SDS-polyacrylamide gel electrophoresis, gels were directly
stained for 2 h or overnight with InstantBlue™ staining (Expedeon).

Following this, gels were left in Milli-Q water until further processed.

2.2.10.2 In-gel Digestion
2.2.10.2.1 Band excision and destaining
The bands of interest were excised into pieces with a clean scalpel
and transferred the gel pieces into Sterilin™ 1.5 ml microcentrifuge
tubes. The gel pieces were washed with 200 pl of solution 1 and

incubated at 37 °C for 30 min. The supernatants were discarded and this
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step was repeated again. The gel pieces were dried down in vacuum
concentrator for 30 min.

2.2.10.2.2 Reduction and alkylation of protein
(see Appendix A for the component of solution)

In this step, gels were reduced with freshly prepared of ImM DTT
in solution 2. The gels were incubated at 56 °C for 1 h. The supernatants
were regarded. The gels were alkylated with 2 mM IAA in solution 2
at room temperature for 30 min in the dark. Then the gels were washed
twice with 200 pl of solution 2 for 15 min. 200 ul of solution 3 was used
to wash gels at 37 °C for 15 min. The liquid was removed by
centrifugation at 13,000 rpm for 10 sec. Once the liquid was discarded

the gel slices were dried down in vacuum concentrator for 30 min.

2.2.10.2.3 Enzymatic digestion
Before digestion, enzymes were prepared working stock at
a concentration of 0.02 ug/ml trypsin (NEB), 0.025 pg/ml chymotrypsin
(NEB) and 0.02 pg/ml elastase (NEB). To perform digestion, dried gel
slices were incubated with enzymes at a final concentration of 1 ng/ul in

solution 4 at 37 °C overnight.
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2.2.10.2.4 Peptide extraction from gel slices

Next day, the gels were centrifuged at 13,000 rpm for 10 sec.
The supernantants were collected into new Sterilin™ 1.5 ml
microcentrifuge tubes. Further extraction of peptides was performed by
incubating the gel slices with 20 ul of solution 5 at 37 °C for 15 min. 50
ul of solution 6 was added to the gel pieces and incubated at 37 °C for 15
min. The supernatants were collected into the same tubes as stated
before. This step was repeated once. After a further repetition of this
step, gel slices were incubated with 50 pl of solution 7 at 37 °C for
30 min followed by the collection of supernatants into the tubes.
Extracted peptides were dried down using a SpeedVac concentrator
overnight on low heat and then stored at -20 °C. Before the analysis by
LC-MS/MS the peptides were resuspended in 0.5% formic acid at room

temperature for 10 min. with gentle shaking.

2.2.10.3 HLBP-mass spectrometry setting

Resuspended peptides were injected by using a Dionex Ultimate
3000 uHPLC onto a PepMap100 C18 2 cm x 75 um L.D. trap column
(ThermoFisher Scientific) at Sul/min in 0.1% formic acid, 2%
acetonitrile and 45 °C in the column oven and 6 °C in the autosampler.

The sample was separated over a 60-minute gradient of increasing

128



acetonitrile from 2.4% up to 72%, in 0.1% formic acid, using a 15 cm
PepMap100 C18 analytical column (2 um particle size, 100 A pore size

75 um 1.D.) (ThermoFisher Scientific) at 300 nl/min and 45 °C.

The mass spectrometer analyzer used was an ETD (electron
transfer dissociation) enabled ThermoFisher-Scientific Orbitrap Elite,
equipped with a Nanospray Flex lon ESI source (ThermoFisher
Scientific). Nanospray ionization was carried out at 2.3 kV, with the ion
transfer capillary at 250 °C, and S-lens setting of 60%. MS1 spectra
were acquired at a resolving power of 60,000 with an AGC (automatic
gain control) target value of 1x106 ions by the Orbitrap detector, with a
range of 350-1850 m/z. Following MS1 analysis the top 10 or top 15
(depend on experiment) most abundant precursors were selected for data
dependant activation (MS2 analysis) using CID (collision induced
dissociation), with a 10 ms activation time, and an AGC setting of
10,000 ions in the dual cell linear ion trap on normal scan rate resolution.
Precursor ions of single charge were rejected, and a 30 second dynamic

exclusion window setting was used after a single occurrence of an ion.
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2.2.10.4 Data analysis

Data analysis was performed using different software analysis
because a new staff was positioned during my study.

Proteome Discoverer (PD) version 1.4.1.14 with Mascot search
engine was used to identify peptides that contain phosphorylated
residues (Brosch et al.,, 2009) including serine/threonine (ST)
phosphorylation with high mass accuracy (within 100 ppm) in Chapters
4 and 5. For peptide-spectrum matches (PSM) scoring, false discovery
rates (FDRs) for peptides medium-confidence peptide hits (actual
relaxed) was set at 0.05 and for peptides high-confidence peptide hits
(actual strict) was set at 0.01.

MaxQuant (MQ) version 1.5.5.1 was used to analyse SILAC
proteomic analysis. For protein identification, false discovery rates
(FDRs) at both the protein and peptide levels were set at 1% by decoy
database searching. Proteins with 3 valid intensity values in the Flag-
tagged SLBP immuno-isolation were considered for quantification. The
statistical analysis was then performed by t-testing with correction for
multiple hypothesis testing at two thresholds, 0.05 (5% FDR) and 0.01
(1% FDR). Proteins required a minimum of two peptides or above in
order to be reported. Perseus version 1.5.5.3 was used to analysed the

statistical significant among 3 independent experiments.
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Chapter 3

Development of a model system for analysis of

SLBP in a model cell line

3.1 Introduction

In order to achieve the aims of this project, it was necessary to
develop a tractable model system to investigate SLBP function.
| initially used a transient transfection approach to determine levels of
transient expression of untagged and tagged forms of SLBP. | therefore
created SLBP expression construct in two distinct vectors. pCl-neo and
pCMV-Tag 2A plasmids were used to express untagged and Flag-
tagged SLBP proteins, respectively. Each plasmid containing SLBP was
transiently transfected in HelLa cells and | found that unlike untagged
SLBP, expression levels of tagged SLBP were low and could not be
directly compared with endogenous levels. Due to the limitations of
transient SLBP expression, | subsequently decided to establish a stable
transfection Flag- and HA-tagged SLBP in HelLa cells by using the

Flp-In™ T-Rex™ gsystem. This system provides the means for the

132



generation of isogenic, stable expression and inducible stable cell lines
with a rapid and efficient expression
(https://tools.thermofisher.com/content/sfs/manuals/flpinsystem
man.pdf).

In the experiment described in this chapter therefore, | have set
out to (i) determine whether inducible expression of tagged siRNA-
resistant SLBP affected cell cycle progression (ii) establish that the
induced form was resistant to siRNA targeting the wild-type mRNA and
(ili) investigate SLBP mediated cellular function in cells solely
expressing tagged SiRNA resistant SLBP, specially the application of
DNA replication stress, histone mRNA degradation and alternative
MRNA splicing of SLBP.

Here, | demonstrate the construction and validation of that stable
transfection Flp-In system and establish it has significant advantages
over the use of transient transfection. Furthermore, | show that the
inducible Flag- and HA-tagged SLBP protein is expressed in a manner
similar to that of endogenous SLBP throughout cell cycle progression.
Importantly, although both tagged versions showed slightly different
profiles of degradation, the time required to observed degradation of

SLBP was similar in both cases (~12 h). Therefore, only Flag-tagged
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SLBP was subsequently used in this study, due to time limits unless

otherwise stated.

3.2 Results

3.2.1 Transient transfection of untagged and Flag-tagged SLBP in

HeLa cells

In order to construct SLBP expression vectors, cDNA was
generated by reverse transcription of HelLa cell total RNA as described
in section 2.2.1.1. This was used as a template for PCR amplification of
wild-type SLBP cDNA. SLBP cDNA was generated following
optimization of PCR amplification by utilising a range of annealing
temperature between 60 °C and 70 °C as described in section 2.2.1.1
The optimal annealing temperature at 61°C showed an appropriate size
of SLBP product, suggesting that optimised PCR conditions generated
products consistent with the predicted size of full length SLBP cDNA
(813 bp) (Figure 3.1). Annealing temperatures higher than 61 °C resulted
in amplification of multiple PCR products with sizes inconsistent with
the predicted for the expected specific product (data not shown).
Figure 3.1 shows both PCR products obtained after gel electrophoresis
using PCR primers designed to be compatible with each vector, the

sequences of which were described in Appendices C and D. Each PCR
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product was purified, and sub-cloned into pCl-neo and pCMV-Tag 2A
plasmids as described in section 2.2.1. Each plasmid was verified by
DNA sequencing (data not shown).

Transient transfection of untagged and Flag-tagged SLBP
constructs was undertaken in HelLa cells, and expression of SLBP was
analysed by western blotting of lysates as described in section 2.2.4.4
derived from transfected cells. The results indicated in Figure 3.2
showed that SLBP expression was detected following transfection with
either plasmids as a band of the expected molecular weight (~30 kDa),
although the levels of expression of the untagged form appeared to be far
greater than that of the tagged protein. Detection of the endogenous
protein was not observed under these conditions, presumably because the
endogenous levels of SLBP expression are considerably lower than the
levels observed following transient transfection of either constructs.
However, the reason for the difference in expression levels is not known.
The lower level of Flag-tagged SLBP could be a result of increased
instability of the tagged protein, due to steric hindrance affecting protein
folding or variation in expression arising from site of plasmid
integration. An important concern was that utilising transient

transfection for further study might generate large differences in
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expression level among the individual cells within a population, which

might interfere with the overall analysis.

bp !- bp
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—_— |
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Figure 3.1 DNA gel electrophoresis of SLBP PCR products.

PCR products obtained using annealing temperature (Tm) at 61°C for
both untagged vector (lane 2) and Flag-tagged vector (lane 3) were
electrophoresed on a 1.5% agarose gel and visualised under UV light
using a photographed and analysed with Uvitech UviProchemi camera
system (as described in section 2.2.1.9). Lanes 1 and 5 contained DNA

molecular size ladder (Norgen FullRanger 100 bp DNA ladder, Norgen

Biotek Corp.).
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Figure 3.2 Western blot detection of untagged SLBP, and Flag-tagged
SLBP proteins expressed in HelLa cells after transient transfection of
pCIl-Neo-SLBP (left hand side) and pCMV-Tag2a-SLBP (right hand
side) for 24 h.

Cell lysates (50 ug of protein) were subjected to 12% SDS-PAGE and
analysed by western blotting with anti-SLBP (top panel), anti-Flag
(middle panel), and anti-nucleolin antibody (bottom panel) as loading
control. NT, non-transfected; M, mock (cells transfected with empty
plasmid); SLBP, lysates from cells transfected with appropriate

recombinant plasmid (* = non-specific bands).
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Consequently, | decided to create stable cell lines expressing
physiologically relevant levels of SLBP, expressing Flag- and HA-
tagged SLBP using FLP recombinase technology that allows the stable
integration of any given gene into a single site in the genome (O'Gorman

etal., 1991).

3.2.2 Developing a stable cell line model for inducible siRNA-
resistant expression of Flag- and HA-tagged SLBP in HelLa

cells using the Flp-In™ T-Rex™ system

The generation of a Flp-In™ T-Rex™ expression cell line requires
the integration of two plasmids, one (pOG44) containing a Flp
Recombination Target (FRT) site and the other (pcDNA™5/FRT/TO)
expression vector into which the gene of interest is cloned under the
control of the human cytomegalovirus (CMV) immediate-early promoter
(Figure 3.3). A HeLa cell line containing a single integrated FRT site
was kindly provided by Dr. P. Eyers (University of Liverpool).
The line was generated by transfecting HeLa cells with the pFRT/lacZeo
vector and pcDNAG/TR plasmid. The pFRT/lacZeo vector expresses a
lacZ-Zeocin fusion gene controlled by the early SV40 promoter, and

containing a single FRT site (O’Gorman et al., 1991). The Zeocin-
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resistant clones were screened by the Eyers lab to identify one
containing a single integrated FRT site. The pcDNAG6/TR plasmid
constitutively expresses the Tet repressor (tetR) under the control of the
human CMV promoter. However, upon the addition of doxycycline
(Dox), derivative of tetracycline, Tet repressor is inactive and Tet
operator (TetO2) is active which allow the induction of Flag-SLBP
transcription (Figure 3.4). The Flp-In cell system allows one to generate
isogenic, stable cell lines inducibly expressing a gene of interest under
the control of a doxycycline-dependent promoter. Therefore, protein
expression, once expression is induced, is constant across a population of
cells. This system has a significant advantage over the use of transient
transfection, in terms of opportunities for experimental manipulation and
reproducibility of expression levels. The Flag- and HA-tagged SLBP
DNA sequence (Appendix C) was integrated into a single genomic site
in HeLa cells to generate a Flp-In stable cell line as described in section

2.2.3.2.

139



HeLa cell
pFRT/lacZeo and pcDNA6/TR

FRT —
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Figure 3.3 Schematic diagram for the preparing of Flag-tagged SLBP
HeLa stable cell lines by using Flp-In system (picture was adapted from
https://tools.thermofisher.com/content/sfs/manuals/

flpinsystem_man.pdf).
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The Flp-In™ T-Rex™-HeLa cell line (host cell) contains a single
intergrated FRT site and stably expresses the Tet repressor from the co-
expression of pFRT/lacZeo and pcDNAG/TR. This cell line is used to
generate the Flp-In™ T-Rex™-HeLa expression cell line. The
generation of a Flp-In™ T-Rex™ expression cell line requires the
integration of two plasmids, one (pOG44) containing a Flp
Recombination Target (FRT) site and the other (pcDNAS/FRT/TO)
expression vector containing the gene of interest (Flag-SLBP). The Flp
recombinase expressed from pOG44 catalyse a homologous
recombination event between the FRT sites in the host cells and the
PcDNAS/FRT/TO expression vector. The expression of Flag-SLBP is
under the control of a tetracycline-regulated, hybrid human
cytomegalovirus (CMV)/TetO, promoter. The selection of stable cell
lines is selected by a hygromycin resistance gene. The expression of
Flag-SLBP is repressed by the Tet repressor (TetR) which expresses
from pcDNAG/TR. The addition of doxycycline induces Flag-SLBP
expression by inactivation of the structure of TetR which allows the Tet

operator to become active.
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Figure 3.4 Schematic diagram of doxycycline-mediated regulation of
Flag-tagged SLBP in the Flp-In™ T-Rex™ system (picture was redrawn
from https://tools.thermofisher.com/content/sfs/manuals/

flpinsystem_man.pdf).

The Tet repressor is expressed from pcDNAG/TR plasmid which is under
the control of the human CMV promoter. However, the homologous
recombination event between the FRT sites in the Flp-In"™ T-Rex™

HeLa host cell line and the pcDNAS/FRT/TO which contain the tet
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operator2 (TetO,) confers regulation by tetracyclin or doxycycline on the
CMV promoter. In the Tet repressor-operator system, the tetracycline
repressor protein (TetR) binds to the Tet operator sequence (TetO) and
inhibits transcription of downstream elements. Addition of doxycycline
(Dox), a tetracycline derivative, which is more stable than tetracycline in
cell culture, allows a conformational change in the repressor structure.
This releases complexes from the promoter and allows the transcription

of Flag- tagged SLBP or HA-tagged SLBP.

3.2.3 Optimization conditions for doxycycline-induced expression of

Flag- and HA-tagged SLBP

The aim of this part of the work was to determine conditions under
which the level of Flag- and HA-tagged SLBP expression was similar to
that of the endogenous expressed protein. Moreover, it was also to
determine the similarities and differences between the level of Flag- and
HA-tagged SLBP expression. To do this, | analysed Flag- and HA-
tagged SLBP expression levels in cell lysates by western blotting, after
cells were treated with either a range of Dox concentrations ranging
from 0.1 to 1.0 pg/ml, and for varying lengths of time up to 72 h. Then

cells were harvested, lysates prepared and analysed by western blotting
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(Figure 3.5 and 3.6). Dox treatment resulted in detectable amounts of
HA-tagged and Flag-tagged protein after 1 h and 2 h, respectively. Over
the 10-fold range of concentration of Dox used, there was little
difference in the overall level of inducible expression of both forms of
tagged protein. Both forms were expressed at slightly higher levels than
the endogenous protein at all Dox concentraions tested after 2-6 h
incubation (Figure 3.5A and 3.6A). The doublet bands reflect
endogenous and tagged SLBP expression (Figure 3.5A). However, only
tagged SLBP was detected after 8 h, probably due to the low expression
level of endogenous SLBP. It is possible that cells respond to Dox
treatment differently depending on the cell confluence or quiescent state.
One example of such a circumstance would be contact inhibition which
might affect expression pattern of cells (Abercrombie, 1970).
After 24-72 h exposure to Dox, Flag- and HA-tagged SLBP level were
reduced (Figure 3.5B and 3.6B). Importantly, this result confirms that
there is no significant difference in Dox-inducible SLBP expression
between either Flag- and HA-tags. In the subsequent experiments,
induction of tagged SLBP was undertaken using 0.5 pug/ml Dox for 5-6
h, unless otherwise stated. Where relevant, cells used either contain one
integrated copy of either Flag-tagged SLBP (designated HeLa""'%S-5)

or HA-tagged SLBP (HeLa""°%),
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Figure 3.5 Induction of the expression for Flag-tagged SLBP stably
transfected in Flp-In-HeLa cells under control of the tetracycline
regulatory system (Tet,,). Cells treated with (A) 0-6 h and (B) 0-72 h
Dox with different doses. The concentration of Dox and induction times
varied from 0.1 to 1 pg/ml. Cell lysate samples (50 pg of protein) were
subject to 12% SDS-PAGE and analyzed by immunoblotting with anti-
SLBP and anti-Flag antibodies. Anti-nucleolin was used as loading

control.
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Figure 3.6 Induction of the expression for HA-tagged SLBP stably
transfected in Flp-In-HeLa cells under control of the tetracycline
regulatory system (Tet,,). Cells treated with (A) 0-6h and (B) 0-72 h
Dox with different doses. The concentration of Dox and induction times
varied from 0.1 to 1 pg/ml. Cell lysate samples (50 ug of protein) were
subject to 12% SDS-PAGE and analyzed by immunoblotting with anti-
SLBP and anti-HA antibodies. Anti-nucleolin was used as loading

control.

146



3.2.4 The effect of inducible expression of Flag- and HA-tagged

SLBP on cell cycle progression

In unmodified cells, SLBP expression is limited to S-phase and
the protein is rapidly degraded at the end of S phase (Whitefield et al.,
2000). | wished to investigate whether up-regulation of Flag- or HA-
tagged SLBP was restricted to the G1/S transition and also whether it
was degraded at the end of S-phase. Additionally, it was important to
determine whether inducible expression of either tag affected normal cell
cycle progression and the expression levels of each as a function of cell
cycle progression.

In order to synchronise the Flp-In HeLa cells, cells growing in
asynchronous culture were treated with 40 ng/ul nocodazole (Noc) for
12 h and mitotic cells were isolated by shake-off (Figure 3.7, red line).
Cells were then re-plated and exposed to either Dox-containing fresh
medium or fresh medium without Dox for 5 h. At the times indicated in
Figure 3.7A, cells were harvested and lysates were prepared and
analysed by western blotting.

Strikingly, the expression of Flag-tagged SLBP protein coincided
closely with the endogenous protein (Figure 3.8 right-hand panel and
Figure 3.9). Significant up-regulation of protein levels coincided with

cyclin A expression corresponding to the beginning of S-phase, with a
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peak of expression just before 13 h after mitotic release. In addition, HA-
tagged SLBP protein also coincided closely with the endogenous protein
(Figure 3.11 right-hand panel and Figure 3.12), with a peak of
expression after 13 h. However, both of the inducible tagged-SLBPs
were gradually degraded ~16-18 h after release from Noc arrest.

In order to determine whether expression of either Flag- or HA-
tagged SLBP affects cell cycle progression, samples of the synchronised
cells were also analysed by flow cytometry following propidium iodide
staining (Figure 3.10 and 3.13). The results showed that after cells were
released from Noc-induced mitotic arrest, cells expressing either tagged
version of SLBP progress through cell cycle at a similar rate to cells to
which no Dox was added, suggesting that the ectopic expression of Flag-
or HA-tagged SLBP do not affect cell cycle progression.

The cell cycle progression using fluorescence-activated cell sorter
(FACS) analysis of both HeLa""™" 8" and HeLa"""*B" cells were
similar to non-expressing cells. Taken together with the data reported
above, these results indicate that the regulated timing of both the
translation and the destruction of the Flag- and HA-tagged SLBP occurs
normally in these cell line models. Additionally, although both tagged

versions showed slightly different profiles of degradation, the time
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required to observed degradation of SLBP was similar in both cases

(~12 h) (Figure 3.14).

A.
Shake-off
Nocodazole Dox
-12 0 5 7 10 11 121314 1516 18 24

Time (h)

B.
Nocodazole

G2/M phase G1 phase

S phase 3

Figure 3.7 Experimental timeline for cell synchronization and inducible
expression of Flag-tagged SLBP (A) time indication of cell
synchronisation with nocodazole (Noc) and Dox treatment (B) Cell cycle

phase shows Noc treatment with synchronises cells in M phase.
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When shake-off, cells start undergoing in M/G1 and early S phase which

Is consistent with the increase of SLBP level at the beginning of S phase.

Dox 0.5 pg/ml
Asyn 5 7 10 11 12 13 14 15 16 18 24(h) Asyn 5 7 10 11 12 13 14 15 16 18 24(h)
— ——————— | a-SLBP [=~  —=r e
| 2 5 Tt | a-Flag I-_ L - - ——— |

|- = -—----—'.|a-CyclinA |'_"' ___-—---—|

s e e e e e e b - | gt O S e e e St g |

Figure 3.8 Expression of Flag-tagged SLBP cells with and without Dox.
Flag-tagged SLBP cells growing in asynchronous (Asyn) culture were
treated with 40 ng/pl Noc for 12 h, mitotic cells were isolated by shake
off (time = 0 h) and cells were replated with no Dox or 0.5 pg/ml Dox
for 5 h, and allowed to progress through the cell cycle for the indicated
times. Lysates were subjected to 12% SDS-PAGE and analysed by

western blotting followed by probing with the indicated antibodies.
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Figure 3.9 Quantification of the expression of endogenous SLBP (black
line) compared to Flag-tagged SLBP (red line) using ImageJ software.

Protein levels are expressed relative to the density of the loading control.
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Figure 3.10 FACS profiles of inducible Flag-tagged SLBP cells without
Dox (top panel) and Dox-treated (lower panel) stained with PI at the

indicated times after release from Noc arrest.
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Figure 3.11 Expression of HA-tagged SLBP cells with and without Dox.
HA-tagged SLBP cells growing in Asyn culture were treated with 40
ng/ul Noc for 12 h, mitotic cells were isolated by shake off and cells
were replated with no Dox or 0.5 pg/ml Dox for 5 h, and allowed to
progress through the cell cycle for the indicated times. Lysates were
subjected to 12% SDS-PAGE and analysed by western blotting followed

by probing with the indicated antibodies.
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Figure 3.12 Quantification of the expression of endogenous SLBP
(black line) compared to HA-tagged SLBP (blue line) using ImagelJ
software. Protein levels are expressed relative to the density of the
loading control. In a correlation analysis, the expression of endogenous
SLBP showed a strong association (r = 0.97) between Flag-tagged SLBP
and HA-tagged SLBP during 24 h. The figure shows data from only one

experiment.
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Figure 3.13 FACS profiles of inducible HA-tagged SLBP cells without
Dox (top panel) and Dox-treated (lower panel) stained with propidium

iodide (PI) at the indicated times after release from Noc arrest.
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Figure 3.14 Quantification of the expression of Flag-tagged SLBP (red
line) compared to HA-tagged SLBP (blue line) using ImageJ software.
Protein levels are expressed relative to the density of the loading control.
In a correlation analysis, the expression of exogenous SLBP showed a
strong association (r = 0.8) between Flag-tagged SLBP and HA-tagged

SLBP during 24 h. The picture shows data from only one experiment.
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3.2.5 Ectopic expression of SLBP containing silent mutations is
resistant to knockdown of endogenous protein using siRNAs
directed against wild-type sequence
In order to investigate the ability of the Flag- and HA-tagged

SLBP to rescue cells lacking endogenous SLBP with siRNA-mediated

knockdown, a Flp-In cell line inducibly expressing Flag-tagged SLBP

and HA-tagged SLBP were established using a form of the SLBP gene
containing two silent mutations (2M) in the sequence corresponding to
that targeted by siRNA knockdown (Erkmann et al., 2005), referred to

hereafter as Flag-SLBP™ and HA-SLBP"™, respectively (Figure 3.15).

In both the Flag-SLBP and Flag-SLBP™ cell lines, together with
HA-SLBP and HA-SLBP™ cell lines, siRNA-mediated knockdown of
endogenous SLBP were observed (Figure 3.16A and 3.16C, lanes 3-6).
Following Dox induction, reduced expression of both tagged proteins
was also observed in cells containing tagged wild-type SLBP sequence,
but not in cells containing Flag-SLBP™ and HA-SLBP™ sequences
(Figure 3.16A and C, compare upper band in lanes 4 and 6) which was
consistent with the quantification of SLBP expression shown in Figure
3.16B and C. These demonstrate that the tagged version of Flag-SLBP"™
and HA-SLBP™ are resistant to siRNA-induced knockdown of

endogenous protein.
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Figure 3.15 Schematic representation of the Flag-SLBP™. The SLBP-

SiIRNA target sequence is shown. Red/italic letters are mutated.
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Figure 3.16 Flag-SLBP™ and HA-SLBP™ resistent to siRNA-induced
knockdown of endogenous protein.

The (A) Flag-SLBP and Flag-SLBP"™ expression and (C) HA-SLBP and
HA-SLBP™ expression (either wild-type (WT) or containing silent
mutations (2M) in the SLBP sequence) treated with 200 nM non-
targeting (NT) or SLBP siRNA for 24 h in the absence (-) or presence
(+) of 0.5 pg/ml Dox. Cell lysate (50 ug of protein) were subjected to
12% SDS-PAGE and analyzed by western blotting with anti-SLBP and
anti-Flag antibodies. Anti-nucleolin was used as a loading control.

Quantification of SLBP expression with anti-SLBP and anti-Flag
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antibodies correspond to lanes 2, 4 and 6 of (B) Flag-SLBP and

(D) HA-SLBP.

Previous work has shown that small interfering RNA-induced
knockdown of SLBP results in a delay in progression through S phase
(Zhao et al., 2004 ; Wagner et al., 2005). In order to determine whether
tagged SLBP constructs were sufficient to rescue SLBP function,
progression through S-phase was monitored by FACS analysis in
control, and Dox treated HA-SLBP™ cells treated with SLBP siRNA for
72 h, and synchronized as before (Table 3.1). These data is consistent
with the notion that expression of a siRNA-resistant SLBP restores
S phase progression after knocking down endogenous SLBP as expected

(Wagner et al., 2005).
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Table 3.1 Cells loss of SLBP progress more slowly through S phase.

Shown in the percentage of cells with S phase DNA content.

Time (hours) Conditions Percentage of cells in S phase

siRNA/no Dox 56.78

4
SIRNA/Dox 62.13
siRNA/no Dox 68.78

10
SiIRNA/Dox 62.27
siRNA/no Dox 68.24

12
SIRNA/Dox 69.53
siRNA/no Dox 80.18

14
SiIRNA/Dox 50.92

HA-SLBP and HA-SLBP™cells were synchronized using
a previously established protocol with Noc for 12 h, following siRNA
knock down for 24 h and subsequently released as described in section

2.2.3.4.1. Cells were harvested at the indicated time and stained with PI.
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3.2.6 An alternative endogenously expressed SLBP splice form is
targeted by SLBP siRNA

Previous work has demonstrated that Hela cells up-regulated
alternatively spliced forms of SLBP, lacking exons 2 and/or 3 which
accumulate under the condition of replication stress (Rattray et al.,
2013). One possibility is that these forms of SLBP play an important role
in the initial cellular response to replication stress, and could be rate
limiting for the rapid destruction of histone mMRNA following replication
stress. If this was the case, then tagged-SLBP™ cells might be expected
NOT to function efficiently in replication stress-induced histone mRNA
decay following siRNA-induced knockdown of the endogenous proteins.
This is because these cells are predicted to express full-length tagged-
SLBP protein only, as the Flag-SLBP DNA sequence lacks introns and
thus will not be subject to the alternative splicing reported previously.
Considering this, | wished to confirm that whether or not the condition
of siRNA knock-down removed the presence of alternatively spliced
SLBP mRNA in Flp-In-HeLa cells model.

Flag-SLBP and Flag-SLBP™ cell lines were transfected with NT
or siRNA targeting SLBP, respectively for 24 h in the presence of Dox.
Cells were treated with 5 mM hydroxyurea (HU) up to 3 h. HU is an

inhibitor of ribonucleotide reductase, which causes DNA polymerase to
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stall at replication forks, resulted in DNA synthesis being blocked
(Adams and Lindsay, 1967). RNA extract was prepared using phenol-
chloroform RNA extraction and reverse transcription from RNA to
cDNA as described in section 2.2.8. For analysis of alternative splicing,
PCR amplification was undertaken using cDNA as a template, utilising
primers as shown in Rattray et al. (2013) and Phusion® High-Fidelity
DNA Polymerase (NEB). PCR reaction was performed as described in
section 2.2.8.4. Finally, the PCR products were eletrophoresed on 1.5%
agarose gel.

Full-length SLBP transcripts are predicted to generate a PCR
product of 752 bp with these primers (Rattray et al., 2013). Products of
this size were detected in both Flag-SLBP cells treated with NT, and
Flag-SLBP™ cells-expressing siRNA-resistant Flag-SLBP treated with
siRNA. Addition of HU for up to 3 h had no effect in either cell line on
the expression of the PCR product corresponding to full-length transcript
(Figure 3.17, Lanes 2-5 and 6-9). A PCR product of ~700 bp was also
observed in Flag-SLBP cells treated with NT siRNA, which is presumed
to correspond to SLBPAE2 as described (Rattray et al., 2013).
Here, there appeared little change in the level of this product following
HU treatment (Figure 3.17, Lanes 2-5). Importantly, however, Flag-

SLBP™ cells which had been treated with siRNA targeting endogenous

162



SLBP did not have detectable levels of this PCR product, either in
asynchronously growing cells or cells treated with HU for up to 3 h.
These data are consistent with the notion that at least one alternatively
spliced form of SLBP are present in the HelLa cells used in this study,
and that they are also knocked down by the SLBP targeted siRNA in
exon 4 used in these experiments. This finding indicates that in the
siRNA-treated Flag-SLBP™ cell line system, addition of Dox results in
the expression of one SLBP isoform, corresponding to the full-length

protein, following DNA replication stress.

163



NT+Flag-SLBP siRNA-+Flag-SLBPres

HU (min) HU (min)

bp M 0 30 60 180 0 30 o0 180 M bp
1500 1500
1000 =~ Full-length 1000

80 «— S.LBP_>

700 <—SpllScE(li; {)orm 800

700

Lane 1 2 3 4 5 Lane 6 7 8 9 10

Figure 3.17 Alternative splicing of Flp-In Flag-SLBP and Flag-SLBP™
HeLa cell lines when the latter is exposed to SLBP siRNA.

In cells expressing wild-type SLBP, at least one additional splice form
(~700 bp) may be detected following exposure to replication stress,
consistent with Rattray et al., 2013 (left-hand figure). In siRNA-treated
cells expressing Flag-SLBP™, the presence of the cognate sequence
corresponding to the siRNA in all splice forms, means that, following
addition of siRNA, all are knocked down (with the exception of mMRNA
from SLBP™). This analysis allows us to test whether the splice variants
alone are required for replication stress induced histone mRNA decay.
Flp-In Flag-SLBP and Flag-SLBP™ HeLa cell lines were transfected
with NT or siRNA with Dox for 24 h and untreated or treated with 5 mM
HU before cell harvesting. The analysis of splicing using cDNA

prepared from total RNA, followed by PCR amplification and agarose
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gel electrophoresis on a 1.5% agarose gel (M = DNA molecular size

ladder; Norgen FullRanger 100 bp DNA ladder, Norgen Biotek Corp.)

3.2.7 Ectopic expression of SLBP containing silent mutation
facilitates histone mRNA decay following replication stress

In order to determine whether or not Flag-SLBP™ was capable of
carrying out established functions of SLBP in histone mRNA decay
following replication stress, quantitative real-time PCR (QPCR) was used
to measure the amount of histone mMRNA in cells.

| used two paires of gPCR primers (see primer sequences in
Appendix C) to quantify transcripts from the histone and GAPDH genes,
respectively. The primers were designed to amplify cDNA generated
from reverse transcription of total RNA from Flag-SLBP™ cells. The
histone primers were designed to target the Histl1H3B gene. GAPDH
(which encodes glyceraldehyde-3-phosphate dehydrogenase) was a
reference gene for the total amount of mMRNA.

To optimize the annealing temperature of histone and GAPDH
primers, | initially used a PCR reaction with a gradient annealing
temperature (Tm), with a range from 46 to 65 °C. Importantly, DNase
treated RNA was added in small PCR tube before adding PCR reaction.

Agarose gel electrophoresis (Figure 3.18) showed that all temperatures
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in the range 46-65 °C give specific PCR products of the correct size for
both histone and GAPDH cDNA (91 bp and 106 bp, respectively).
However, this experiment lacks negative control which has no PCR
reaction.

Next, gPCR reactions were carried out for both histone and
GAPDH, using an annealing temperature of 65 °C and the melt curves
were analysed (Figure 3.19). Both melt curves had a single peak,
indicating that primer dimers were not forming. Therefore, an annealing
temperature of 65 °C was used subsequently throughout this study.

To validate the gPCR reaction, the PCR efficiency was
investigated. qPCR reactions of 10-fold dilutions of the positive control
(cDNA of Flag-SLBP cells) were carried out for each pair of primers,
using Tm 65 °C, to creat a standard curve. An example of the standard
curve obtained with each set of primers is shown in Figure 3.20. The
accepted range of correlation coefficient is 90-100% (Schmittgen and
Livak, 2008). In my study, the correlation coefficiency was 99% which

IS in the accepted range.
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Histone PCR GAPDH PCR
(product size91bp) (product size 106 bp)

1 23 4 5 67 8 910 1112 13 14

100

Tm (°C) 65 63 61 56 50 46 65 63 61 56 S50 46

Figure 3.18 Optimal annealing temperature

Agarose gel electrophoresis of PCR products following a gradient PCR
reaction using cDNA from Flag-SLBP. The annealing temperature (Tm)
range was 46-65 °C. PCR products were electrophoresed on a 1.5%
agarose gel. Lanes 1 and 14 contained DNA molecular size ladder

(Norgen FullRanger 100 bp DNA ladder, Norgen Biotek Corp.)
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Figure 3.19 Melt curves of Histone and GAPDH products. Temperature
(°C) (X-axis) is plotted against the first negative derivative of the
fluorescence with respect to temperature (-dF/dT) (Y-axis). gPCR
reaction for both sets of primers were performed using a 65 °C annealing

temperature. This graph shows a single peak of both histone and
GAPDH products which mean that PCR reaction of histone and GAPDH

products only generate one amplicon.
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Figure 3.20 Example of standard curves obtained using Histone and
GAPDH primers (correlation coefficient (R?) =0.99). Threshold cycle
(Y-axis) is plotted against log DNA concentration (X-axis).

| next examined the ability of Flag-SLBP™ to undergo histone
MRNA decay following replication stress. Normal HelLa cells were
treated for 24 h with a control non-targeting siRNA (NT) and Dox-
treated HelLa Flag-SLBP™ cells were treated for 24 h with siRNA
targeting SLBP (Figure 3.21). Figure 3.21A clearly shows that
knockdown efficiency was more than 90% compared to Hela cells
(compare lane 4-6 with 1-3 of top panel).

Both sets of cells were exposed to HU. Cells lacking endogenous
SLBP and expressing Flag-SLBP™ degraded histone mRNA to the same

extent, and with the same Kinetic as control cells in response to HU
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treatment (Figure 3.21B). This result confirms that Flag-SLBP™ is
capable of facilitating histone mMRNA decay after the inhibition of DNA

replication.
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Figure 3.21 The effect of Flag-SLBP™ expression on histone mRNA
decay following replication stress. Error bars show the standard error in
the mean obtained from three independent experiments. The data shows

that no significant difference was observed when cells lacking
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endogenous SLBP and expressing Flag-SLBP™ degraded histone mRNA
in response to HU treatment.

Normal HelLa cells were transfected with NT. Flp-In HelLa cells
expressing Flag-SLBP™ were transfected with siRNA and treated with
doxycycline for 24 h. RNA and protein extracts were prepared before
HU treatment and after the addition of 5 mM HU for 30 and 60 min. (A)
SLBP levels were assessed by western blotting with anti-SLBP and anti-
Flag antibodies. Anti-nucleolin was used as a loading control. (B) Fold
change of histone mRNA levels measured using g°PCR. GAPDH was
used as an internal reference. The data was calculated by delta CT
method which normalises the target (histone) with reference (GAPDH)
value. The relative fold change in each minute after HU treatment was

normalised with the untreated (no HU) condition (O min).
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3.3 Discussion

In this chapter, the objective was to develop a tracable model
system to investigate SLBP function. Transient transfection using
Polyfect (QIAGEN) were initially used to overexpress SLBP following a
24 h transfection protocol. At 24 h post transfection, SLBP was detected
at a molecular mass > 31 kDa which is in agreement with the calculated

molecular mass (M) which is slightly over 31 kDa (Martin et al., 1997).

3.3.1 Mammalian cells transfection: transient versus stable

transfections

There are several aspects of transient transfection technology that
may have resulted in the low expression of Flag-tagged SLBP compared
to untagged SLBP. For examples, transiently transfection gives rise to
cells expressing genes that are not integrated into the host genome and
may only be expressed for a limited period of time (Kim and Eberwine,
2010). Additionally, the backbone of the Flag vector could differentially
interfere non-specifically with the mechanism of Flag-tagged SLBP
expression. Finally, the efficiency of transfection can be variable in
transient experiments, and thus there may have been a difference

between the extent of transfection between the two constructs.
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Therefore, a stable transfection approach was used to overcome
the low level of Flag-tagged SLBP expression obtained using transient
expression. | began to generate a stable cell line system for the inducible
expression of Flag-tagged SLBP in HelLa cells using the FLP-IN cell
system, that utilises FLP recombinase technology. There are several
advantages in generating stable Flag-tagged SLBP cell lines using this
system. Firstly, the gene of interest (Flag-tagged SLBP) and any mutant
derivatives are integrated into a single specific site on the genome, which
minimises the risk that any observed differences are a consequence of
differences in gene dosage, chromosomal location effects, differential
expression. Secondly, the generation of an isogenic stable cell line
permits for the efficient and rapid production of expressed protein.
Thirdly, utilization of the Flp-In™ T-Rex™ expression system, allows
for expression to be controlled by a Dox-inducible promoter, enabling
the design of experiment where the timing of expression may be critical.
However, inducible expression by Dox was used instead of tetracycline
because of its long half-life (Gossen et al., 1995). The level of Flag-
tagged SLBP expression varied subtly as a function of the different
concentrations of Dox. At the concentration of 0.5 ug/ml of Dox, the
maximal level of Flag-tagged SLBP expression was observed. Maximal

expression levels of SLBP were obtained after 24-48 h and decreased
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subsequently (by 72 h). One possible explanation for this is it may due to
progressive reduction in the fraction of cells undertaking S-phase (where

SLBP levels are presumed maximal) as cells approach confluency.

As mentioned above, the endogenous SLBP could not be detected
in experiments where transient expression was attempted. In contrast,
endogenous SLBP could be detected using the inducible stable
expression system. Expression of endogenous SLBP is restricted to
S-phase (Marzluff et al., 2008) and experimental limitations precluded
an analysis to establish whether SLBP expression from the expression
constructs was appropriately regulated. Because transiently transfected
cells may contain multiple copies of transfected plasmid, it is possible
that the level of ectopic expression was far higher than that of the
endogenous protein, precluding the detection of the latter. As discussed
aboved, it is also possible that the number of cells in S-phase under
transient transfection conditions were very limited. Overall, these results
suggested that the utility of the Flp-In system for inducible stable
expression of Flag-tagged SLBP has significant advantages over the use
of transient transfection, in terms of opportunities for experimental

manipulation and likely reproducibility of expression levels.
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3.3.2 Model system for analysis of SLBP in a model cell line

In order to investigate the effect of inducible expression of Flag-
tagged SLBP and also the regulation of SLBP on cell cycle progression,
| analysed the expression of Flag-tagged SLBP throughout the cell cycle.
Flag-tagged SLBP cells, synchronised using mitotic shake-off, showed
expression of Flag-tagged SLBP as a function of cell cycle progression.
The mitotic shake-off method involves the addition of Noc to Flag-
tagged SLBP cells for an extended period. Noc is a drug blocking cells at
metaphase by destabilizing the microtubule structure (Vasquez et al.,
1997 ; Xu et al., 2002). Cells round up during M-phase and may be
detached from the culture plate by shaking them off. By shaking-off
cells, Flag-tagged SLBP cells expression started through G1/S phases of
cell cycle. In my study, after mitotic shake off, Flag-tagged SLBP cells
were released into fresh medium in the presence or absence of Dox for
5h, and the medium was replaced again. Time zero corresponded to the
point at which cells were placed in Noc-free medium. Flag-tagged SLBP
cells progressed to S-phase by 7 h after replating. Interestingly, the
expression of Flag-tagged SLBP cells was up-regulated at the same time
expression of control cyclin A which resides in nucleus during S phase

(Lim and Kaldis, 2013).
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The expression of SLBP is cell cycle-regulated (Whitfield et al.,
2000 ; Zheng et al., 2003). In asynchronous cells, Dox induced tagged-
SLBP expression levels were approximately twofold higher than those of
endogenous protein. This raised a concern that the level of tagged-SLBP
expression might overwhelm the cellular regulatory systems that control
both the upper regulation and down-regulation of SLBP protein levels.
However, the results obtained using synchronized cells showed that the
temporal regulation of both tagged forms of SLBP corresponded closely
to that observed for the endogenous protein, with very similar kinetics.
Overall, the findings are consistent with the previous studies have shown
that the level of SLBP increases at the late G1/beginning of S phase,
remains constant throughout S phase and rapidly decreases at the end of
S-phase (Whitfield et al., 2000). Interestingly, in the experimental
protocol developed here, cells were exposed to Dox for five hours only,
after release from the Noc arrest. Subsequent FACS analysis confirmed
that this corresponded to early G1 phase. During this period, almost no
tagged protein could be detected, and it follows that the high levels of
both Flag- and HA-tagged observed subsequently must have been
synthesized using mRNA synthesized during the previous G1 phase.
These data strongly support the notion that the translation of SLBP

MRNA and/or SLBP protein stability is regulated by a cell cycle
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regulation mechanism between G1 and S phase, as has been suggested
(Whitfield et al., 2000 ; Zheng et al., 2003). Much of the previous work
on SLBP protein has involved the use of a double thymidine block to
synchronise cells for analysis (Whitfield et al., 2000 ; Zheng et al.,
2003). While those reports suggest that this synchronization approach
arrests cells at the boundary prior to S phase, this is not correct and
thymidine treated cells are already in S phase (Feijoo et al., 2001),
complicating interpretation of the regulation of SLBP. The work
discussed here used synchronisation from mitosis, which allows a more
careful analysis of events at the G1-S transition (Whitfield et al., 2000 ;
Zheng et al., 2003). While this work was in progress, Djakbarova and
colleagues reported that SLBP protein levels are indeed regulated both
by translational mechanism as well as regulation of proteasomal
mediated destruction (Djakbarova et al., 2014).

FACS analysis was used to monitor the effect of tagged protein
expression on cell growth and progression through the cell cycle. The
result showed that both Flag- and HA-tagged SLBP expressing cells
normally progressed from G1 phase through S and G2 phases of the cell
cycle, compared to normal cells expressing endogenous SLBP. After
Noc treatment, most cells recovered completely and entered the

subsequent G1 and S phase in a highly synchronous pattern, although a
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small proportion of cells failed to progress. The reasons for this are
unknown. Taken together, these observation confirmed the evidence that
SLBP protein expression is cell cycle-regulated, and that the regulated
expression of tagged-SLBP reflects the state of endogenous protein with
reasonable accuracy.

In order to confirm that tagged SLBP was indeed functional, I
examined the ability of tagged SLBP to rescue the reported delay in
S-phase progression resulting from loss of SLBP expression. siRNA
targeting SLBP induced significant knockdown of SLBP protein in
synchronized cells (Figure 3.16) and had a modest effect on S phase
progression which was reduced by expression of HA-SLBP
(Table 3.1), again supporting the notion that tagged SLBP function in a

HelLa cell model.

3.3.3 Use of the model system for analysis of aspect of histone mMRNA
decay in response to DNA replication stress

An important function of SLBP is that this protein is required for
histone mMRNA decay both at the end of S-phase as well as when DNA
synthesis is inhibited (Kaygun and Marzluff, 2005c). While this project
was underway, Rattray and colleagues (2013) reported that HeLa cells

contain alternative spliced forms of SLBP mRNA that lack either exons
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2 and 3 (HBP/SLBPAE2 and HBP/SLBPAE3, respectively), in addition
to a form that lacks both exons 2 and 3 (HBP/SLBPAE2+AE3).
Replication stress induces elevated expression of these SLBP splice
variants over a period of 18 h (Rattray et al., 2013). Because it was
conceivable that truncated forms of SLBP might be essential for
replication stress-induced histone mRNA decay, it was important to
investigate the efficiency of histone mMRNA decay in the presence and
absence of MRNA capable of inducing expression of these splice forms.
The results shown in Figure 3.17 show that a PCR product
corresponding to the largest SLBP splice variant could be detected in
control Flag-SLBP cells exposed to a non-targeting siRNA, but that this
form was undetectable in cells (Flag-SLBP™) exposed to an SiRNA
targeting exon 4 of SLBP. These results suggested that resultant proteins
derived from the splice variants are likely to be knocked down as a
consequence of specific siRNA treatment. The other splice variants were
not detected in the experiments described here. Although the reason for
this is unclear, it may be that the experimental timeframe in which cells
were exposed to replication stress here was insufficient to allow
sufficient accumulation of variants whose expression was reported to be

induced by replication stress (Rattray et al., 2013).
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Therefore, | tested whether siRNA treated cells (which effectively
lack endogenous full-length and presumably lower MW splice variants)
expressing full length Flag-tagged SLBP alone are able to undertake
efficient histone mMRNA decay in response to replication stress. The
experiment was to knock down endogenous SLBP forms using siRNA
targeting exon 4, while inducing the expression of full-length Flag-
tagged SLBP using Dox and compare the rate and extent of HU-induced
histone MRNA decay using gPCR, to the rate and extent in HeLa cells
capable of expressing all variants of endogenous SLBP. The data in
Figure 3.21B showed that no significant difference was observed in the
kinetic of HU-induced histone mMRNA decay. These data suggest that the
full-length protein is predominantly the form of SLBP involved in acute
replication stress-induced histone mRNA decay. Additionally, the
amount of histone mRNA remaining after HU treatment up to 60 min
were different in the study using Human bone osteosarcoma epithelial
(U20S) cells compared to HelLa cells (Sullivan et al., 2009). Histone
MRNA degradation was slower in U20S cells than in HeLa cells.
However, both cells showed the reduced rate pattern of histone mMRNA
degradation at 30 and 60 min after HU treatment. The factors involved in
their differences might depend on cell type, transfection efficiency, time

frame of knocking down and the level of SLBP expression etc. The low
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levels of SLBP expression reflect the inefficient translation of histone
MRNA resulting in the decrease of histone MRNA degradation and vice

versa (Sullivan et al., 2009).

In summary, the stable transfection of Flag- and HA-tagged SLBP
in HelLa cells by using Flp-In™ T-Rex™ system is a successful model
which composed of (1) inducible expression of Flag- and HA-tagged
SLBP progressed normally on cell cycle. (2) the tagged version of Flag-
SLBP™ and HA-SLBP™ are resistant to siRNA-induced knockdown of
endogenous protein. (3) HA-SLBP™ cells restores S-phase progression
after knocking down endogenous SLBP. (4) in the siRNA-treated Flag-
SLBP™ cell line system, addition of Dox results in the expression of one
SLBP isoform, corresponding to the full-length protein, following DNA
replication stress and this form of SLBP involved in acute replication
stress-induced histone  mRNA decay. Thus, Flag-tagged SLBP
expressing cells will utilize for further study SLBP post-translation

modification and its interaction complex using mass spectrometry.
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Chapter 4

Establishment of an approach for immuno
isolation (I-i) of Flag-tagged SLBP for mass

spectrometry

4.1 Introduction

Having developed and undertaken a preliminary characterisation
of my model cell line for SLBP analysis, as discussed in Chapter 3.
| wished to study SLBP post-translational modifications as a function of
replication stress, together with an analysis of SLBP interacting proteins
in my model tissue culture cell line exposed to replication stress-induced
histone mMRNA decay. Advanced of peptide-based mass spectrometry
(MS) together with the sequencing of the human genome has become
incredibly for identifying protein-protein interactions. In MS-based
proteomics coupled immuno-isolation allows for the isolation of SLBP
protein isolate its interacting partners prior to determining Flag-tagged
SLBP in association with its interacting partners, prior to determining

SLBP interacting proteins by MS. In order to do this, | began with
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identification of conditions for immuno-isolation of Flag-tagged SLBP
to facilitate its analysis by MS.

Immuno-isolation could be attempted, using a target protein
specific antibody, that is in this case anti-SLBP antibody. However,
there are a number of challenges associated with this approach, including
limitations in the availability and/or cost of reagents (anti-SLBP
antibodies), as well as the possibility that antibodies selectively bind

specific sub-populations of SLBP involved in some but not all of SLBP-
associated functions. Consequently, | choose to use an ANTI-FLAG®

M2 affinity resin for successful immuno-isolation. In principle, using
this approach, a multicomponent complex can be isolated in a single
step.

The experiments undertaken and discussed in Chapter 3 provided
evidence that Flag-tagged SLBP expression rescued defects in cell cycle
progression and replication stress-induced histone mMRNA decay brought
about by siRNA mediated knockdown of the endogenous gene product.
Such data support the notion that the addition of a small tag at the
N-terminus of the protein has little effect on its biological function, and
suggest that analysis of the Flag-tagged SLBP is likely to be a relevant

proxy to understand SLBP function in vivo.
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Therefore, scoping experiments were undertaken to determine an
appropriate ratio of affinity matrix to protein lysate to achieve efficient
depletion of expressed SLBP. In addition, an estimate of efficiency of
recovery of bound SLBP, by elution with 3X FLAG peptide, was
determined by western blotting. Batch and micro-column methods of
depletion and recovery have been compared, and batch methodology
found to be more reliable. Matrix stability was found to be an issue
during various stages of the procedure, with evidence of antibody
dissociation produced. This was largely eliminated by removal of
reducing agents in buffers used in the isolation procedure.

Following scale-up, initial MS analysis following tryptic in-gel
digestion failed to detect any peptides derived from immuno-isolated
Flag-tagged SLBP. Therefore, in order to establish conditions for
proteolytic digestion of SLBP to maximize the number of SLBP peptides
that could be detected by MS, a strategy for SLBP expression in, and
purification from, E.coli, was developed. This facilitated comparison of
proteolytic approaches (using trypsin, chymotrypsin and elastase) for
identification of SLBP-derived peptides by MS. Finally, conditions were
established for the identification and analysis of Flag-tagged SLBP

immuno-isolated from S-phase synchronized HelLa cells.
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4.2 Results

4.2.1 Optimisation of conditions for I-i of Flag-tagged SLBP from

Hel a cells expressing functional, tagged SLBP

The aim of the work described in this section was to attempt to
optimise conditions for the isolation of Flag-tagged SLBP and potential
interacting proteins in the tissue culture cell line model described in
Chapter 3. The longer term aim of these experiments was to establish
conditions which would allow subsequent investigation into changes in
SLBP post-translational status, in presence and absence of replication
stress, with the objective of utilizing the immuno-isolated SLBP and
consequent mass spectrometry, for molecular analysis of differences in
macro-molecular complex composition following exposure to replication
stress.

Immuno-isolation  experiments  were  undertaken  using
ANTI-FLAG® M2 affinity resin (packed resin) (Sigma-Aldrich).
The latter is a monoclonal antibody covalently attached to agarose resin
(Technical bulletin, Sigma-Aldrich, product number A2220).

To do this, cells stably transfected with Flag-tagged SLBP (as described

in Chapter 3) were grown in the presence of optimal concentrations of
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doxycycline (Dox), as determined previously (as described in section
3.2.4).

Cell lysate (typically 1 mg protein in 1x lysis buffer), produced
from 100 mm dish of asynchronously growing cells (confluency approx.
80%) was used per I-i experiment, and was incubated with indicated
volumes of packed resin overnight. The packed resin volume required to
maximise recovery of tagged SLBP was first optimised by analysis of
the extent of depletion of cell lysate obtained using either 10 ul and
20 ul of packed resin. The I-i material was isolated by micro-
centrifugation (8,000 rpm for 30 sec), the supernatant removed
(designated flow-through below) and, after washing with 600 ul of TBS,
beads were eluted using 3X FLAG peptide dissolved in TBS (50 mM
Tris-HCL and 150 mM NaCl) and then sample loading buffer.
All samples were subjected to SDS-PAGE, and western blotting
as described in section 2.2.4.4. The membrane was probed with mouse
monoclonal a-SLBP and a-Flag antibodies, as described in section 2.2.6
in order to establish the efficiency of I-i.

In all cases, bands of expected molecular mass (approximate

(approx.) 38 kDa) for SLBP were detected using both a-SLBP and

a-Flag antibodies (Figure 4.1A and B). Comparison of input material to
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immuno-depleted lysate indicated significant depletion of SLBP from
the lysate (compare lanes 4 and 8 with lanel in Figure 4.1A and B).
Depleted material was recovered almost exclusive by 3X FLAG peptide
elution (Figure 4.1A and B, lanes 2 and 6). However, the recovery of
SLBP in the eluate was approximately only 35% and 29% in lanes 2 and
6, respectively as judged by densitometry (data not shown). The extent
of recovery did not appear to improve using 20 ul of packed resin
volume compared to 10 pl, suggesting that the apparent reduced
recovery was not simply a consequence of limited resin capacity for the
amount of SLBP present in the lysate. However, low level of SLBP cross
reacting material remained in the flow-through even when 20 ul of
packed resin was used, suggesting that the procedure did not completely
deplete all SLBP present. It is possible that this represents endogenous
untagged SLBP, as it was not detected in the equivalent sample blotted
using anti-Flag antibody. The apparent recovery of Flag-tagged SLBP
from 20 ul of packed resin appeared to be less than that obtained using
10 ul. This contrasts with the result obtained with anti-SLBP antibody
(compare lanes 2 and 6 in Figure 4.1B and A). The reason for this
discrepancy is unknown.

Using heated sample loading buffer for elution resulted in elution

of 50 kDa bands consistent in size with 1gG heavy chains, suggesting
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that covalent crosslinking of Flag antibody was not complete. Other Flag
epitope cross-reacting proteins were present in both eluated samples
(Figure 4.1B, lanes 2 and 6). As corresponding bands were not present in
the blot using anti-SLBP antibody, these do not correspond to any novel
SLBP species but presumably arises from non-specific binding, and
enrichment from the total cell lysate, of Flag antibody cross-reacting

proteins.
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Figure 4.1 I-i analysis of FLAG-tagged SLBP isolated from Flp-In-
HelLa cell lysate. In each experiment, 1 mg of cell lysate was incubated

overnight with indicated volume of packed resin (added as 50% (v/v)
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slurry in TBS) at 4 °C with repeated agitation prior to washing with 500
ul of TBS and elution, initially using 100 ul of 300 ng/ul final
concentration of 3X FLAG peptide in TBS, followed by 8 ul of sample
loading buffer (beads heated at 100 °C for 5 min). Flag-tagged SLBP in
samples was detected using (A) anti-SLBP antibody and (B) anti-Flag
antibody. Lanel, 10% of total input (I used 1 mg protein so | will load
lysate 100 ug. | calculated the corresponding volume of 100 ug lysate
from the stock of that lysate), Lanes 2 and 6, 30% of 3X FLAG peptide
eluate, Lanes 3 and 7, 30% of sample loading buffer eluate, Lanes 4 and
8, 12.5% of flow-through, and Lanes 5 and 9, 5% of wash samples.

Red asterisks indicate putative 1gG heavy chains.

In order to investigate whether the use of the cell-packed top tip

micro-column (Glysci) might improve recovery of Flag-tagged SLBP
from ANTI-FLAG® M2 affinity resin compared to the batch procedure
as described above, the experiment was repeated using resin packed into
a small column (P200 size tip). Cell lysate was applied to column by
gravity feed and following washing with 200 ul of TBS, eluted with
50 ul of TBS containing 3X FLAG peptide as before. Surprisingly,

no SLBP was recovered from the eluate as judged by detection of an
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appropriate size band by western blotting with either the anti-SLBP and
anti-Flag antibodies. Some SLBP could be detected in the flow-through
in each experiment (Figure 4.2B, lanes 4 and 8) although the relative
recoveries as judged by band intensity with each antibody were
inconsistent. The reason for this is unknown. Some SLBP may have
been eluted following treatment of the resin with heated sample loading
buffer, and additional lower molecular weight bands were recovered,
which might reflect proteolytic or fissile peptide bond breakdown
products (Figure 4.2 A and B, lanes 3 and 7). Moreover, the signals of
SLBP and Flag-tagged SLBP were also indicated in flow-through.
As the levels of SLBP recovered in this experiment were very low, it is
difficult to interpret these results. However, they are not inconsistent
with the possibility that both binding to, and elution from Flag antibody
is relative slow, and thus efficiency is enhanced by using the batch

procedure undertake in Figure 4.1.
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Figure 4.2 1-i micro-coloumn of Flag-tagged SLBP isolated from Flp-In-

HeLa cell lysate. In each experiment, 1 mg of cell lysate was applied to a
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P200 size tip column containing either 10 or 20 ul of packed resin at
25 °C, washed with 200 ul of TBS, prior to elution with 50 ul of TBS
containing 300 ng/ul final concentration of 3X FLAG peptide, followed
by 8 ul of sample loading buffer (beads heated at 100 °C for 5 min).
Flag-tagged SLBP in samples was detected using (A) anti-SLBP
antibody and (B) anti-Flag antibody. Lanel, 10% of total input, Lanes 2
and 6, 30% of 3X FLAG peptide eluate, Lanes 3 and 7, 30% of sample
loading buffer eluate, Lanes 4 and 8, 12.5% of flow-through, and Lanes
5and 9, 5% of wash samples. Red asterisks indicate putative 1gG heavy

chains.

One possible explanation for the relatively poor yield of SLBP
would be that association of the protein specifically with anti-Flag
antibody was relative low affinity, and that the efficiency of binding was
thus low under condition used. Thus, in a further attempt to improve
recovery of Flag-tagged SLBP was undertaken. In addition because of
concerns about the fate of endogenous, untagged SLBP in the initial
experiment obtained in Figure 4.1, the experiment was repeated using
lysates from cells grown in the absence or presence of 0.5 ug/ml of dox

for 14 h, prior to lysate preparation. Using batch procedure, 1 mg of cell
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lysate in each case was incubated overnight at 4 °C with ANTI-FLAG®

M2 affinity resin (10 ul final packed resin volume) as before and,
following washing in 500 ul of TBS, eluted with altered elution buffer
(10 mM Tris-HCI pH 7.4 and 30 mM NaCl) containing 300 ng/ul final
concentration of 3X FLAG peptide (Figure 4.3A and B). Under these
conditions, Flag-tagged SLBP expression level was significant higher
than the endogenous protein (Figure 4.3A, compare lanes 1 and 2) which
was barely detectable under these exposure conditions, and which
migrated at a position corresponding to a slightly lower molecular mass
(red arrow). Efficient depletion of Flag-tagged SLBP was observed as
judged by western blotting with either o-SLBP or a-Flag antibodies
(Figure 4.3A and B, compare lanes 2 and 6). Specific elution using the
3X FLAG peptide resulted in recovery of Flag-tagged SLBP with loss of
the band presumed to correspond to the endogenous, untagged protein,
suggesting that there is no interaction between polypeptides.
Unexpectedly, the endogenous protein could not be detected in the
depleted lysate (“flow-through”, Figure 4.3A and B, lanes 5 and 6),
possibly because the slight dilution of the extract resulted in the
endogenous protein below the threshold for detection. The results

showed that the immuno-isolated protein was recovered on specific
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elution using the 3X FLAG peptide under modified conditions.
However, again, there was variation in the intensity of the band,
depending on which antibody (anti-SLBP or anti-Flag) was used; on this
occasion, (in contrast to the data in Figure 4.1) an apparent higher
recovery was observed using the a-Flag antibody as judged by the
intensity of band. Cross-reacting bands at approx. 50 kDa were observed
in this experiment in the depleted lysate fraction in both western
blottings. As discussed above, these are likely to be immunoglobulin
heavy chains derived from the affinity resin, and suggest that the
efficiency of antibody cross-linking to the commercial resin may be less
than 100% (Figure 4.3A and, lanes 5 and 6). The reason why they were
not observed in this fraction in previous experiments is not known.
However, this may relate to use of distinct batches of resin, or altered

sensitivity of reducing agents.
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Figure 4.3 I-i analysis of Flag-tagged SLBP isolated from Flp-In-HelLa

cell lysate. Cells previously treated without (-) or with (+) 0.5 ug/ml of

201



dox were lysed as above. In each experiment, 1 mg of cell lysate was
incubated overnight with indicated volumn of packed resin (added as
50% (v/v) slurry in TBS) at 4 °C with repeated agitation, the depleted
lysate removed (flow-through) prior to washing with 500 ul of TBS
before elution using 100 ul of 300 ng/ul final concentration of 3X FLAG
peptide in TBS. Flag-tagged SLBP in samples was detected using (A)
anti-SLBP antibody and (B) anti-Flag antibody. Lanel and 2, 10% of
total input), Lanes 3 and 4, 30% of 3X FLAG peptide eluate containing
altered elution buffer (10 mM Tris-HCI pH 7.4 and 30 mM NacCl), and
Lanes 5 and 6, 12.5% of flow-through. Red arrow indicates endogenous

SLBP and red asterisks indicate putative IgG heavy chains.
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4.2.2 Mass spectrometric analysis of immuno-isolated SLBP

Having established conditions for the isolation of Flag-tagged
SLBP from cell lysates, the next step was to undertake the isolation on a
larger scale to facilitate the analysis of SLBP under normal S-phase and
replication stress conditions, and to identify SLBP-associated

polypeptides, using mass spectrometry, In this section, Flag-tagged
SLBP was isolated by I-i using ANTI-FLAG® M2 affinity resin from

37.5 mg of cell lysate protein, subjected to SDS-PAGE and polypeptides
visualized by colloidal Coomassie blue staining. Bands were excised,
digested in situ and analysed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

| performed a large-scale, I-i of Flag-tagged SLBP (37.5 mg
protein derived from dox-treated Flag-tagged SLBP expressing cells in
total volume 7.5 ml and applied to 3 ml of packed resin volume) and
eluted with 3X FLAG peptide. The eluate (7.5 ml) was concentrated to
final volumn 230 pl using a Vivaspin 500 (GE Healthcare) and samples
derived from the input and recovered material were run subjected by
western blotting, prior to further analysis, to confirm enrichment and

recovery of Flag-tagged SLBP (Figure 4.4A).
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Figure 4.4 Western blotting analysis of Flag-tagged SLBP content
following Flag antibody I-i. (A) The packed resin was eluted with 3X
FLAG peptide. Eluate and input material were analysed by western
blotting using a-Flag antibody. Lane 1, Input (0.4% of total; (150 pg in
30 ul lysate), Lane 2 (Eluate prior to concentration (0.4% of total 30 pl,
out of 7.5 ml total elution volume), Lane 3, Eluate following 32-fold
concentration (30 pl out of 230 pl total of elution volume).
(B) Concentrated eluate (100 pl) was analysed by electrophoresis using a
12% SDS-PAGE gel followed by colloidal Coomassie blue staining. The

gel was aligned to its corresponding western blotting and indicated bands
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(number 1-10), corresponding to positive signals in western blotting,

were removed and subjected to in-gel digestion with trypsin.

In this experiment, western blotting of the cell lysate containing
expressed Flag-tagged SLBP identified showed a faint band of the
correct MW (approx. 38 kDa), in addition to a number of higher MW
proteins. Protein band approx. 38 kDa in addition to a number of MW
polypeptides was observed in the eluated fraction although significant
concentration was required to observe this (Figure 4.4A, compare lanes 2
and 3). The remaining fraction of the eluted concentrate was subjected to
12% SDS-PAGE and stained with colloidal Coomassie blue staining. All
bands (Figure 4.4B, number 1-10) were excised, digested with trypsin
and peptides recovered were subjected to LC-MS/MS.

The Sequest search algorithm was used with Swissprot/Uniprot
databases to analyse mass spectral data acquired following
chromatographic peptide separation of material derived from bands
number 1-10. No peptides derived from SLBP were observed in any
samples obtained from excised bands shown in Figure 4.4B. The name

of proteins identified by a large scale of I-i Flag-tagged SLBP by ANTI-
FLAG® M2 affinity resin was shown in Appendix H, Table 1H). Most of

them (highlighted by yellow colour) were common contaminants which
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has been previously listed in immunoprecipitation by Flag antibody and
ANTI-FLAG® M2 affinity resin from whole cell lysate of HelLa and

U20S cells, respectively (Guo et al., 2009 ; Mellacheruvu et al., 2013).
As expected, Ig heavy chain was also found in a list (Appendix H, Table
1H , hightlighted by green colour).

The data in Figure 4.4A suggested that Flag-tagged SLBP was
indeed present in the eluted sample, although it is clear that the recovery
of Flag-tagged SLBP was poor (I did not measure the protein
concentration of eluate before concentrated so | lacked of data to show
% recovery of samples after concentrated). Again it is unclear why
SLBP was not detected in this experiment.

The most likely explanation for the presence of a 50 kDa cross-
reacting protein in eluate that was exposed to packed resin is that this
band corresponds to some Ig heavy chain, at least one polypeptide of
which is covalently attached to the resin. However, the monoclonal used
to bind Flag-tagged has been reported to sensitive to reducing agents,
such as dithiothreitol (DTT) and 2-mercaptoethanol present in lysis
buffer and its covalent attachment to the resin is via a di-thio hydrazide
linkage, which may be hydrolysed by reducing agents (Technical
bulletin, Sigma-Aldrich, product number A2220). However, in this

experiment, a 50 kDa cross-reacting protein was presented in input
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material of lysate (Figure 4.4, lane 1) which was not observed in input of
lysate in previous experiment. Again, the reason for this difference is not
known. However, using a secondary antibody as a probe, it could be
shown that this cross-reacting band corresponded to 50 kDa
immunoglobulin heavy chain (data not shown) presumably arrived from
incomplete cross- linking of anti-Flag antibody to the matrix.

This suggests that this affinity matrix may be unstable under
conditions of the experiment as the buffers used in the preparation of
expressed proteins contain reducing agent, 2-mecaptoethanol. Given the
presence of detectable and relative high levels of contaminating proteins,
together with the presence of IgG, identified by LC-MS/MS, it was
conceivable that relative low levels of SLBP-derived peptides might not
be detect using the Top10 methodology used in this analysis of peptides.
In order to address this, it would necessary to generate an inclusion list
(Domon and Aebersold, 2006 ; Jaffe et al., 2008) of accurately defined
peptide masses derived from the digestion of SLBP with a specific
protease.

Therefore, | decided to establish an independent method for the
optimisation of SLBP digestion conditions and to establish accurate
parameters for the identification of SLBP-derived peptides using mass

spectrometry. To do this, SLBP expression was undertaken in Eschericia
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coli (E. coli) as a tagged fusion (GST-His tag) protein to facilitate
affinity chromatography and thus obtain pure protein for subsequent

proteolytic analysis and mass spectrometry.

4.2.3 Expression of recombinant GST-SLBP-6xHis protein in E. coli
4.2.3.1 Preparation of SLBP PCR product

To do this, | utilized PCR to amplify the SLBP coding sequence
using a forward primer containing a 5> Xmall restriction site, a reverse
primer containing a 3’ Notl restriction site, and additional reverse
complimentary sequence to generate a 6xHis tag at the C-terminus of the
putative gene product. The template used for a plasmid
pPcDNAS/FRT/TO/CAT/Flag-SLBP (as described in section 2.2.1.3).
A range of annealing temperatures was tested (Figure 4.5). In all cases,
a strong band corresponding to the predicted size (852bp) was observed.
However, the optimal calculated a recommended custom annealing
temperature of 64 °C was used subsequently.

The PCR was purified from agarose gel using QIAquick gel
extraction kit (as described in section 2.2.1.11), and following digestion
of both plasmid backbone and putative insert with restriction enzymes
Xmall and Notl, introduced into the bacterial expression vector, pGEX-

6P-1 (Figure 4.6) using restrictio