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ATM

ATP

ATPase

ATR

BSA
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cDNA

CH domain

CK2
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DNA

DNA-PK
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Upfl amino acids T28/51096/51116 mutated to alanine
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Adenosine triphosphatase

ATM and Rad3 related
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Cap binding complex CBP80-20
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Upfl domain required for interaction with Upf2
Casein kinase 2

4',6-Diamidino-2-Phenylindole, Dihydrochloride
Decay inducing complex
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DNA-dependent protein kinase
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kDa
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IncRNA
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mRNA
mRNP
NMD
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p50

Ethylenediaminetetraacetic acid

Enhanced green fluorescent protein

Ethylene glycol tetraacetic acid

Eukaryotic initiation factor 4E

Exon junction complex

Fetal bovine serum

Fluorescent in situ hybridisation

Green fluorescent protein

Hairpin-binding protein/Stem-loop binding protein
Replication dependent histone mRNA decay pathway
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hydroxyurea

Immunoglobulin G

Dalton

Luria-Bertani

Long non-coding RNA

Methyl methanesulfonate

Messenger RNA

Messenger ribonucleoprotein

Nonsense mediated mRNA decay
ortho-Nitrophenyl-B-galactoside

Origin recognition complex subunit 2

DNA polymerase & p50 subunit
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p66
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PIKK
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PP2A
PRD
PTC
Rent-1
RNA
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SDS-PAGE
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SMD
SMG (1-9)
SocC

SQ domain

DNA polymerase 6 p66 subunit

DNA polymerase 6 p125 subunit
Phosphate-buffered saline

Proliferating cell nuclear antigen
Phosphatidylinositol 3-kinase-related kinases
Phenylmethanesulfonylfluoride

Protein nucleic acid

DNA polymerase 6

DNA polymerase €

Protein phosphatase 2A

Proline/glycine rich domain in the Upfl N-terminus
Premature termination codon

Regulator of nonsense transcripts 1

Ribonucleic acid

Replication protein A

Upfl amino acid - serine 42

Sodium dodecyl sulphate

Sodium dodecyl sulphate poly acrylamide gel electrophoresis
Small interfering RNA

Staufen mediated mRNA decay

Suppressor with morphogenetic effects on genitalia (1-9)
Super optimal broth with catabolite repression

Upfl C-terminal S/T-Q motif rich region
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ssDNA
ssRNA
SURF
T28
TBS
TEMED
TERRA
TFE
Upf (1-3)
UTR
YPD

yH2AX

Single-stranded DNA
Single-stranded RNA
SMG1:Upfl:eRF1-3 complex
Upfl amino acid —threonine 28
Tris-buffered saline
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Telomeric repeat-containing RNA
Telomere free end

Up-frameshift suppressor (1-3)
Untranslated region
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Phosphorylated histone 2AX
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Summary

Upfl is an RNA helicase discovered as a component in RNA surveillance pathways,
specifically nonsense mediated decay. Recently it has been implicated in cell cycle progression
and roles within S-phase, where it was reported to bind to chromatin and associate with DNA
polymerase &. The objective of this thesis was to investigate roles of Upfl in S-phase

progression and genome stability.

Initially | attempted to set up a yeast two-hybrid system that would allow me to
identify, at a molecular level, motifs responsible for the association between Upfl and the p66
DNA polymerase & subunit. Although | was able to demonstrate interactions between
chromatin associated proteins, | was unable to detect significant levels of interaction between
Upfl and p66, and concluded that the system would not be useful for the detailed molecular

analysis required.

In a second approach, | utilized FLP recombinase technology to generate a library of
isogenic Hela cell lines capable of inducibly expressing tagged, siRNA resistant forms of wild-
type Upfl. | generated and investigated a series of mutants in which amino acid residues
within motifs, identified as potential targets of the PIKK family of protein kinases, were altered
to non-phosphorylatable forms. Using this approach, | identified Ser42 as a residue important
for the recruitment of Upfl to chromatin, and provided data indicating that this residue is not

involved directly in the canonical nonsense mediated decay function of Upfl.

Thirdly | investigated the role of this mutant, as well as other phosphorylation site
mutants in the maintenance of genome stability and telomere integrity. Loss of Upfl
recruitment to chromatin resulted in the appearance of double strand breaks, as determined
by the proxy marker yH2AX, and a significant increase in telomere loss. Analysis of a mutant
lacking known phosphorylation sites required for RNA decay indicated that while this mutant
retained the capability of associating with chromatin, it also was unable to prevent genomic

instability and telomere loss.

My data are consistent with a model in which Upf1l is recruited to chromatin in a Ser42
dependent manner and requires additional PIKK motif phosphorylation site residues to

operate at telomeres to prevent TERRA-induced telomere loss.
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Chapter 1 Introduction
1.1 The maintenance of genomic stability is essential for cellular survival

Cells employ a diverse array of cellular surveillance mechanisms to monitor
genome integrity and limit the loss of genetic information resulting from damage
inflicted on the genome, and the consequences of such loss. Failure to do so results
not only in cellular malfunction but is a predisposition for many cancers (Negrini et al.,
2010). Understanding the role of cellular surveillance pathways and how they integrate
signals from the cell cycle, DNA damage repair, pro- and anti-apoptotic pathways in
the response to genomic instability is critical for a rational approach to developing

novel therapies as well as diagnostic and prognostic tools.

Insults to genomic integrity may arise as a consequence of external or
environmental factors such as ultraviolet or gamma radiation, chemically induced DNA
damage including alkylation, oxidation, cross-linking and intercalating mutagens
(Sancar et al., 2004). Challenges to the integrity of the genome also arise as a
consequence of normal cellular metabolism. Replication fork collapse during DNA
synthesis can generate DNA double strand breaks, generation of reactive oxygen
species cause oxidative damage to DNA and regions of sequence non-complexity or
repetitive sequences provide opportunities for mismatch errors giving rise to
mutations (De Bont and van Larebeke, 2004).

1.2 Cellular checkpoints are surveillance mechanisms that operate to recognise
and resolve genomic instability

Complex signalling pathways exist within cells to respond to such events that, if
not resolved, would compromise the genomic integrity of the cell. These systems

initiate three critical steps, a) the arrest of on-going DNA replication to allow time for
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DNA repair b) the transcription of DNA repair genes and c) integration of pro and anti-
apoptotic signals arising from the severity of the genotoxic insult and the opportunity
for recovery via DNA damage response and thus cellular viability. Many of the
components of these pathways have been identified and characterised as DNA
damage sensors (eg. Rad9/Rad1/Hus1), signal mediators (MDC1), signal transducers
(e.g. Chk1/Chk2) and effectors (eg. P53/Cdc25) (Dean et al., 1998; Freire et al., 1998;
Matsuoka et al., 1998; Sadhu et al., 1990; Stewart et al.,, 2003; Zakut-Houri et al.,
1985). However, there is clearly overlap in aspects of these functions, for example, the
human analogues of Rad9 (Claspin/Brcal) have both sensor and mediator functions
(Kumagai and Dunphy, 2000; Miki et al., 1994)
1.3 Phosphatidylinositol 3-kinase-related kinases (PIKK) kinases engaged in

checkpoint regulation

The family of phosphatidylinositol 3-kinase-related kinase (PIKK) proteins
operate as both damage sensors and signal transducers in the recognition and
resolution of genomic instability (Falck et al., 2005; Hall-Jackson et al., 1999; Lees-
Miller et al., 1992; Smith et al., 1999). They consist of Ataxia-telangiectasia mutated
(ATM), ATM and Rad3 related (ATR), DNA-dependent protein kinase catalytic subunit
(DNA-PK), Suppressor with morphogenetic effects on genitalia (SMG1) and
transformation/transcription domain-associated protein (TRRAP). The PIKK
Mammalian target of rapamycin (mTOR) is not involved in genome stability but
functions in cellular growth and G; progression (Gingras et al., 2001). ATR is an
essential gene required for the viability of both human and mouse cells (Brown and
Baltimore, 2000; Cortez et al., 2001; de Klein et al., 2000) and while ATM is non-

essential, carriers of ATM mutations have increased cancer risk and a complete loss of
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ATM function causes ataxia-telangiectasia, a condition characterised by chromosomal
instability, cancer predisposition, radiation sensitivity, and cell cycle abnormalities

(Savitsky et al., 1995).

These kinases, with the exception of mTOR, preferentially phosphorylate
serine/threonine-glutamine (S/T-Q) motifs within target proteins in response to a
range of genomic insults (Reviewed in Abraham, 2004). ATM, DNA-PK and TRRAP are
involved in the resolution of DNA double-strand breaks, ATR is recruited to, and
activated by, stretches of replication protein A (RPA)-coated single-stranded DNA
(ssDNA) and ATM, together with SMG1 is involved in the response to ionizing radiation
(Brumbaugh et al., 2004; Canman et al., 1998; Cimprich and Cortez, 2008; Jazayeri et

al., 2006; Khanna and Lavin, 1993).

PIKKs also regulate intrinsic cellular processes essential for DNA replication,
evidenced in the tightly controlled activation of ATR, ATM and DNA-PK at the end of S-
phase, essential for the completion of telomeric DNA replication and end processing
(Verdun and Karlseder, 2006). Replication forks can slow or stall if they encounter
physical constraints on DNA replication (Labib and Hodgson, 2007) and ATR stabilises
these forks until the replication stress is resolved, thus preventing fork collapse and
double strand break generation (Lopez-Contreras and Fernandez-Capetillo, 2010). ATR
also functions to maintain the stability of genomic fragile sites, specific chromosomal
regions susceptible to replication stress induced DNA damage and chromosomal
breaks (Glover et al., 1984). These late replicating, AT-rich DNA sequences are thought
to form DNA secondary structures that present physical barriers to approaching

replication forks (Reviewed in Glover et al., 2005). Replication of these regions requires
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the coordinated activation of ATR and Werner syndrome helicase (WRN) to resolve
these structures and allow replication fork progression (Casper et al., 2002; Pirzio et

al., 2008).

1.4 The Nonsense Mediated mRNA Decay pathway

A loss of genomic integrity resulting in mutation can pose substantial
challenges for the cell. Once established, mutations are for the most part not
recognised as such, and may generate alterations in protein function and regulation
with significant implications for cellular survival. Some mutations manage to evade the
surveillance pathways described above. However, cells can recognise and mitigate
against at least one such mutation, namely the emergence of a premature termination
codon (PTC). Inherited in-frame mutations, incorrectly rearranged immunoglobulin and
T-cell receptor genes or transcriptional/splicing errors can all give rise to a PTC within
an mRNA (Gudikote and Wilkinson, 2002; Wittmann et al., 2006). If undetected,
translation of a PTC-containing mRNA results in C-terminal truncation of the protein. In
proteins which contain multiple domains or which engage multiple interacting partners
for overall function, truncation may generate dominant-negative effects with often
powerful phenotypic consequences. Even where a dominant-negative protein is not
generated, undetected PTCs can render the resultant protein non-functional, such as
in the inherited predisposition to BRCA1l-mediated breast cancer (Szabo et al., 2004;
Vallon-Christersson et al., 2001). These ‘nonsense’ mutations are present in one third
of all mutant mRNA transcripts linked to human diseases (Frischmeyer and Dietz, 1999)
and underlie many physiological conditions including B-thalassemia, Duchenne

Muscular Dystrophy, Cystic fibrosis, Charcot-Marie-Tooth Disease type 2, Ullrich’s
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disease and hereditary Elliptocytosis (Blake et al., 2002; Chang and Kan, 1979;
Moriniere et al., 2010; Usuki et al., 2004; Xu et al., 2012). Nonsense Mediated mRNA
Decay (NMD) is a surveillance mechanism which operates to recognise and degrade
PTC-containing mRNAs to prevent these genomic mutations manifesting as altered
protein function (Isken and Maquat, 2007; Lykke-Andersen et al., 2000; Mendell et al.,

2002).

1.4.1 EJCs mark the location of splice sites on processed mRNA molecules

In the current model, as newly transcribed mRNAs are processed and subjected
to intron splicing (Figure 1.1a), a large exon-junction complex (EJC) containing Y14, Btz,
Magoh, elF4Alll, Upf2, Upf3a or Upf3b proteins is deposited ~20-24 nucleotides
upstream of the exon-exon boundary (Figure 1.1b) (Chamieh et al., 2008; Fang et al.,
2013; Gehring et al., 2003; Kataoka et al., 2001; Kataoka and Dreyfuss, 2004; Kim et al.,
2001; Le Hir et al., 2000; Lejeune et al., 2002; Lykke-Andersen et al., 2001; Singh et al.,
2007). EJCs provide a ‘memory’ of splicing during additional processing steps in the
generation of a mature mRNA capable of steady state translation. The 5’ cap structures
of immature transcripts, bound by the cap-binding protein (CBP) heterodimer CBP80-
CBP20 (CBC), support the loading of ribosomes and a ‘pioneer round’ of translation,
during which, EJC proteins are displaced from an mRNA (Chiu et al., 2004; Dostie and
Dreyfuss, 2002; Lejeune et al., 2002; Lejeune et al., 2004; Maquat et al., 2010).
Replacement of the CBP80-20 cap with eukaryotic translation initiation factor 4E
(elF4E) after pioneer round completion indicates that an mRNA is, in principle PTC free
and subsequently renders mRNAs insensitive to NMD (Hosoda et al., 2005; Ishigaki et

al., 2001; Lejeune et al., 2002).
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Figure 1.1 The exon junction complex (EJC) highlights the position of premature
termination codons (PTCs)

a) Intron splicing during mRNA processing brings neighbouring exons into contact,
forming exon-exon junctions. b) The exon-junction complex (EJC) proteins Y14,
Btz, Magoh, elF4Alll, Upf2, Upf3a or Upf3b are deposited ~20-24 nucleotides
upstream of the exon-exon boundary on CBP80-20 cap-binding complex (CBC)
bound mRNAs. c) Translation termination causes the formation of the SURF
complex (SMG1, Upfl, SMGS8, SMG9, eRF1 and eRF3) on the termination codon.
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The subcellular location of pioneer round translation and exact mechanism of
PTC recognition is under some debate however. Newly synthesised mRNAs are
transcribed upon export to the cytoplasm and indeed the majority of CBP80 bound
mMRNAs are cytoplasmic (Lejeune et al., 2002) and degradation of nonsense transcripts
has been shown to occur in cytoplasmic perinuclear regions (Chen and Shyu, 2003;
Trcek et al., 2013). However, translation has also been observed in discrete nuclear
foci (Iborra et al., 2001) and both EIF4AE bound mRNAs (Lejeune et al., 2002) and decay
of nonsense transcripts have been identified in the nucleus (Cheng and Maquat, 1993;
de Turris et al., 2011; Humphries et al., 1984), suggesting PTC recognition can occur in
both locations. A recent report by Rufener and Muhlemann., 2013, has demonstrated
that both CBP80- and elF4E-bound PTC containing mRNA transcripts are equally
degraded within the cell, similar as observed in S.cerevisiae (Gaba et al., 2005; Gao et
al., 2005; Maderazo et al.,, 2003). Upfl was also shown to interact with elF4E, in
addition to CBP80 (Rufener and Muhlemann, 2013) suggesting NMD may be initiated
by a premature termination event on any mRNA, even after pioneer round completion.
It is clear that while evidence exists for multiple circumstances in which NMD can be
initiated, the exact mechanism of substrate recognition and early events involved in

NMD are not yet fully understood.

1.4.2 Recruitment of the SURF complex to an EJC triggers NMD

The ability of this surveillance system to distinguish a PTC from a normal
termination codon is predicated on the notion that all EJCs should be upstream of the
correct termination codon. Translation termination promotes the assembly of the

SURF complex (SMG1, unphosphorylated Upfl, an RNA helicase also known as RENT1
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(Perlick et al., 1996), and the translation termination factors eRF1-eRF3) on the
termination codon (Figure 1.1c) (Kashima et al., 2006). Present also are SMG8 and
SMG9, two recently identified SMG proteins which suppress SMG1 kinase activity
(Arias-Palomo et al., 2011; Fernandez et al., 2011; Yamashita et al., 2009). If a SURF
complex is >~55nt upstream of an EJC, CBP80 promotes SURF recruitment to the
downstream EJC via binding of Upfl to Upf2 (Figure 1.3a), forming the decay-inducing
complex (DECID) (Cheng et al., 1990; Hosoda et al., 2005; Hwang et al., 2010; Ivanov et
al., 2008; Kadlec et al., 2006; Kashima et al., 2006; Nagy and Maquat, 1998), which

initiates the process of RNA destruction.

1.4.3 The RNA/DNA helicase Up-frameshift 1 (Upf1l) is a central NMD component

The RNA/DNA helicase Upfl is one of the most highly conserved NMD proteins
(Figure 1.2a), with homologues in Homo sapiens, Mus musculus (Rentl), Danio rerio,
Drosophila melanogaster, Caenorhabditis elegans (SMG2) and Saccharomyces
cerevisiae (Upflp), reflecting the evolutionary importance of Upfl for NMD (Applequist
et al., 1997; Culbertson et al., 1980). An ATP-dependent RNA binding protein (Figure
1.2b), Upfl displays RNA-dependent ATPase and 5’-3’ RNA/DNA helicase activity in
vitro, capable of unwinding duplex DNA (Bhattacharya et al., 2000; Czaplinski et al.,
1995) and believed to remodel messenger ribonucleoprotein (mRNP) complexes
during NMD (Chamieh et al., 2008; Cheng et al., 2007; Franks et al., 2010; Sun et al.,
1998). When Upfl is not associated with the EJC, intra-molecular interactions of the
conserved N-terminal CH and C-terminal SQ domains with the highly conserved
helicase core cause allosteric inhibition of ATPase and helicase activities (Figure 1.2c)

(Cheng et al., 2007; Clerici et al., 2009; Fiorini et al., 2012).
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Figure 1.2 Structure of the DNA/RNA helicase Upfl

a) Schematic illustration of Upfl in S.cerevisiae (sc), M.musculus (m) and H.sapiens
(h), indicating the general domain structure and protein sizes. b) Structural
regions within human Upfl: CH = highly conserved Upf2 interaction domain,
Helicase = highly conserved central super family (SF1) helicase domain, ATPase =
region associated with Upfl ATPase activity, SQ = C-terminal SQ motif rich region.
Known in vivo Upfl phosphorylation sites at T28 and S1096 are indicated. c)
Allosteric binding of the CH and SQ domains in unbound Upfl inhibits ATPase and
helicase activity.



1.4.4 The PIKK SMG1 induces mRNA decay through phosphorylation of Upfl

Upon Upf2 binding, displacement of the CH domain from the helicase core
partially stimulates these activities and decreases the affinity of Upfl for RNA (Figure
1.3a). This is thought to switch Upfl from an RNA clamping mode to an RNA unwinding
mode, aiding helicase translocation along the mRNA and facilitating mRNA decay

(Chakrabarti et al., 2011; Chamieh et al., 2008; Clerici et al., 2009).

Human Upfl contains 28 S/T-Q motifs, the consensus sequence for
phosphorylation by PIKK kinases, located predominantly in the N-terminal 100 amino
acids and in the clustering of 14 S/T-Q motifs at the extreme C-terminus. Dissociation
of SMG8 and SMG9 upon DECID formation alleviates SMG1 suppression and stimulates
Upfl phosphorylation on T28, S1096 as well as additional C-terminal sites, causing
three key events, i) the dissociation of the ribosome and release factors from the
DECID (Figure 1.3b), ii) the displacement of the C-terminal SQ domain to fully stimulate
ATPase and helicase activity and iii) the recruitment of SMG5-7 (Figure 1.3c) (Arias-
Palomo et al.,, 2011; Brumbaugh et al., 2004; Clerici et al., 2009; Fiorini et al., 2012;
Hosoda et al., 2005; Isken et al., 2008; Kashima et al., 2006; Ohnishi et al., 2003;
Okada-Katsuhata et al., 2012; Pal et al., 2001; Yamashita et al., 2009; Yamashita et al.,

2001).
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Figure 1.3 Upfl biochemical activation and protein-protein interactions during
NMD

a) SURF complex formation >55 nucleotides upstream of an EJC, mediated by
CBP80, promotes binding of Upfl (SURF) to Upf2 (EJC). CH domain displacement
upon Upf2 binding partially stimulates ATPase and helicase activity. b) Decay-
inducing complex (DECID) formation displaces SMG8 and SMGS9, stimulating SMG1
mediated Upfl phosphorylation and dissociation of the ribosome and eRF1/3. c)
Upfl phosphorylation at T28 and S1096 elicits mRNA decay through displacement
of the SQ domain to fully stimulate unwinding activity, and recruits SMG5-7 and
other mRNA decay factors (not shown).
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1.4.5 Decay mechanisms of nonsense mRNAs

Cycles of Upfl phosphorylation and dephosphorylation are essential for mRNP
remodelling and decay of PTC-containing transcripts, where phospho-Upf1 serves as a
scaffold for recruitment of mRNA decapping, deadenylation and exonucleolytic decay
factors (Lejeune et al., 2003; Ohnishi et al., 2003; Okada-Katsuhata et al., 2012).
Binding of the SMG5:SMG7 heterodimer to phospho-S1096 (Figure 1.3c) recruits
proline-rich nuclear receptor coregulatory protein 2 (PNRC2), the decapping enzyme
Dcpl, the Xrnl nuclease, protein phosphatase 2A (PP2A) and other factors required for
3’ mRNA decay (Cho et al., 2012a; Cho et al., 2009; Gatfield et al., 2003; Lehner and
Sanderson, 2004; Lejeune et al., 2003; Loh et al., 2013; Lykke-Andersen, 2002; Ohnishi
et al., 2003; Okada-Katsuhata et al., 2012; Unterholzner and lzaurralde, 2004).
Association of SMG6 with phospho-T28 induces simultaneous endonucleolytic
cleavage of the 5" mRNA, through the SMG6 C-terminal PilT N-terminal (PIN) domain,
shown to possess single-stranded (ss) RNA endonuclease activity (Eberle et al., 2009;
Glavan et al., 2006; Huntzinger et al., 2008; Mascarenhas et al., 2013; Okada-Katsuhata
et al., 2012). Thus, the N- and C-termini are key Upfl regulatory domains, acting not
only to suppress helicase and ATPase activity, but also to modulate Upfl-protein

interactions depending on the specific phospho-status of Upf1.
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1.4.6 NMD regulates normal cellular mRNAs and is critical for embryogenesis

NMD also regulates selenium-dependent proteins, the processing of the HIV
and Rous sarcoma viruses and a broad range of mRNA transcripts in the absence of
PTCs, demonstrating a global role for NMD in the regulation of the transcriptome.
(Ajamian et al., 2008; Banerjee et al., 2012; LeBlanc and Beemon, 2004; Moriarty et al.,
1998; Serquina et al., 2013). The presence of an upstream open reading frame (UORF),
a 3’ long untranslated region (3’ UTR) or a 3’ UTR intron within an mRNA are all known
NMD-inducing features (Reviewed in Schweingruber et al., 2013). This global
surveillance by NMD regulates ~10% of normal mRNA transcripts and is critical for the
establishment of early developmental cell lineages in M.musculus, D.rerio and
D.melanogaster and influences mammalian neuronal development and function
(Anastasaki et al.,, 2011; Avery et al., 2011; Bruno et al., 2011; Correa-Cerro et al.,
2005; Frischmeyer-Guerrerio et al., 2011; Li et al., 2013; Long et al., 2010; McGlincy et
al., 2010; Mcllwain et al., 2010; Medghalchi et al., 2001; Mendell et al., 2004;
Metzstein and Krasnow, 2006; Tarpey et al., 2007; Weischenfeldt et al., 2008;
Wittkopp et al.,, 2009; Wittmann et al., 2006). S.cerevisiae and C.elegans mutants
lacking functional Upfl or other NMD proteins however present only mild phenotypes
and proliferate normally (He et al., 1993; Hodgkin et al.,, 1989). The increased
complexity of the higher eukaryote transcriptome and the multicellular coordination of
gene expression during embryogenesis therefore appear to place greater dependency

upon mRNA surveillance and transcriptional regulation.
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1.4.7 NMD down-regulation is tolerated by differentiated cells

However, this dependence upon NMD is restricted to embryogenesis, as long
term suppression of NMD in differentiated human cells in culture has no effect on
cellular survival. NMD inhibition also occurs in response to cellular stress and is a
feature of some solid tumours (Mendell et al., 2004; Wang et al., 2011; Wengrod et al.,
2013; Wittmann et al., 2006; Yang et al., 2013). Intriguingly, the mRNA transcripts of
Upfl, SMG5 and SMG7 contain NMD-inducing features, indicating an intrinsic self-
regulation of NMD activity (Huang et al., 2011; Yepiskoposyan et al., 2011) and during
adipogenesis and myogenesis NMD is down-regulated in favour of a related mRNA
surveillance pathway, Staufen-mediated decay (SMD) (Cho et al., 2012b; Gong et al.,
2009). SMD targets mRNAs lacking PTCs but which contain binding sites for the Staufen
proteins Staul and Stau2 in their respective 3’ UTR, responsible for the recruitment of
Upfl and promotion of Upfl helicase activity. Whether the cell performs SMD or NMD
depends on the relative levels of proteins involved in either pathway. Increased Staul
and PNRC2 protein expression during development results in competition with NMD
factors for interaction with Upfl, thus favouring SMD-mediated regulation of mRNA
targets and inhibition of NMD (Cho et al., 2012b; Jolly et al., 2013; Kim et al., 2005; Kim
et al., 2007; Park et al., 2012), presumably via sequestration of Upfl in SMD related
macromolecular complexes.

1.5 The nuclear functions of hUpfl are essential for the maintenance of genomic
stability

Upfl has been demonstrated to undergo bidirectional nuclear-cytoplasmic
shuttling in mammalian cells (Mendell et al., 2002). While evidence exists for both
nuclear and cytoplasmic NMD, S phase-specific Upfl-dependent pathways exist,
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integrating both nuclear and cytoplasmic events that act to preserve genomic integrity
through the regulation of histone mRNAs and telomere replication (de Turris et al.,
2011; Iborra et al., 2001; Maquat, 2005; Stalder and Muhlemann, 2009; Trcek et al.,

2013).

1.5.1 Regulation of replication dependent histone mRNAs requires Upfl during S-

phase

As cells replicate their genome, the cellular demand for factors required for
DNA metabolism increases dramatically. Newly synthesised DNA is extremely fragile
and interacts with complexes of histone proteins, forming nucleosomes to stabilise
chromatin. Histone mRNA and protein levels are therefore tightly co-ordinated with
DNA synthesis and perturbing this balance has serious consequences for genomic
stability (Han et al., 1987; Meeks-Wagner and Hartwell, 1986; Pettitt et al., 2002; Zhao

et al., 2004)

Cell cycle regulated histone mRNAs are unique in the cell as they lack a poly A
tail, containing instead a 3’ stem loop structure bound by Hairpin/Stem-Loop Binding
Protein (HBP/SLBP) essential for the regulation of histone mRNA stability and nuclear
export (Battle and Doudna, 2001; Martin et al., 1997; Michel et al., 2000; Sullivan et
al., 2009; Wang et al., 1996). To supply the demand for histone proteins during DNA
replication, histone mRNA levels are increased dramatically during S-phase (Delisle et
al.,, 1983) and remain elevated until S-phase completion, where levels rapidly fall
(Harris et al., 1991). Histone mRNAs have a half-life of 50-60 min during S-phase, but
upon DNA replication completion this decreases to 10-15 min (Marzluff and Duronio,

2002). Increased levels of cyclinA/cdkl and CK2 at the end of S-phase phosphorylate
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HBP/SBLP (Koseoglu et al., 2010; Zheng et al., 2003) and cause the regulated decay of
histone mRNAs through translation dependent, HBP/SLBP-mediated recruitment of
factors that cause oligouridylation of the histone mRNA 3’ end (Kaygun and Marzluff,
2005b; Mullen and Marzluff, 2008). Recruitment of Lsm1-7, decapping factors and the
exosome to this poly(U) tail initiates 5’-3’ and 3’-5" mRNA decay (Hoefig et al., 2013;

Mullen and Marzluff, 2008; Su et al., 2013).

Interestingly, inhibition of DNA replication by exposure to cytosine arabinoside
or hydroxyurea (HU), an inhibitor of the enzyme ribonucleotide reductase, which
causes replication fork stall due to insufficient free nucleotides (Krakoff et al., 1968),
was demonstrated to cause a rapid decline in the levels of histone mRNA during S-
phase (Delisle et al., 1983; Sittman et al., 1983). Later studies into this replication
dependent histone mRNA decay (HD) pathway demonstrated histone mRNA level fall
to around 20% within 60 min after exposure to HU (Kaygun and Marzluff, 2005a;
Muller et al., 2007b). Upfl has been implicated in this pathway, as Upfl co-
immunoprecipitated with HBP/SLBP and siRNA induced knockdown of Upfl, or
expression of Upfl mutants lacking ATPase and helicase activity, reduced the efficiency
of HD in cells treated with hydroxyurea (Kaygun and Marzluff, 2005a). Upon replication
stress this stem loop-HBP/SLBP structure may be considered analogous to the EJC in
NMD, in that interaction of Upfl with RNA-bound HBP/SLBP stimulates HD. Unlike
NMD however, which acts constitutively during the cell cycle to remove PTC containing
mRNAs, HD occurs exclusively during S-phase, does not require Upf2 (Kaygun and
Marzluff, 2005a) and as histone genes lack introns, are not degraded through an EJC

dependent mechanism.
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During HD, replication stress activates a DNA damage checkpoint in the
nucleus, and how this nuclear event causes the decay of cytoplasmic histone mRNAs is
unknown. While the requirement for SMG5-7 or the exact mechanism of Upfl
recruitment to HBP/SLBP are not yet understood, signalling components of the
replication checkpoint have been implicated in mediating HD, as cells lacking ATR
and/or DNA-PK activity show reduced capacity to perform HD (Kaygun and Marzluff,

2005a; Muller et al., 2007b).

Two recent studies have begun to suggest that HD may indeed occur in the
nucleus and target newly synthesised histone mRNAs, rather than the cytoplasmic
population. In the current model of global protein synthesis, newly synthesised mRNAs
bound by CBC (CBP80-20) are exported to the cytoplasm, upon which exchange of CBC
for EIFAE facilitates steady state translation (Maquat et al., 2010). Choe et al., 2013,
demonstrated HBP/SLBP interacts with CTIF (CBP80/20-dependent translation
initiation factor), which recruits translation factors to CBC bound mRNAs during
pioneer round translation (Kim et al., 2009). The majority of histone mRNAs analysed
in this study were found to be CBC-bound, and replication stress induced decay of

predominantly CBC, but not EIF4E, bound histone mRNAs (Choe et al., 2013).

Rattray et al., 2013 demonstrated replication stress during S-phase induced the
alternative splicing of the HBP/SLBP transcript, generating multiple HBP/SLBP isoforms.
The levels of these HBP/SLBP isoforms decreased after recovery from the replication
stress, identifying HBP/SLBP itself as a target of the intra-S phase checkpoint (Rattray
et al., 2013). One isoform, in which exon three is lost, caused the nuclear accumulation

of HBP/SLBP, and taken with data presented by Choe and colleagues, possibly reflects
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a new model of HD. Replication stress and activation of DNA-PK/ATR may generate an
HBP/SLBP isoform lacking exon three, which binds the hairpin structure of immature,
newly synthesised, CBC bound histone mRNAs and causes their nuclear retention.
DNA-PK/ATR may also phosphorylate nuclear Upfl, recruiting it to SLBP and cause
histone mRNA decay within the nucleus. Although unproven, this model is consistent
with data demonstrating histone mRNA levels gradually decline over a period of 60
min after exposure to HU (Kaygun and Marzluff, 2005a; Muller et al., 2007b),
suggesting natural turnover of cytoplasmic histone mRNAs, coupled with the decay of
newly synthesised histone mRNAs in the nucleus, could be the mechanism by which

the cell responds to replication stress.

1.5.2 hUpfl is loaded onto chromatin during S-phase in a PIKK-dependent

manner

A fraction of Upfl localises to chromatin as cells enter late G;, with levels
increasing during S-phase (Azzalin and Lingner, 2006b). Chromatin-bound Upfl is
hyperphosphorylated on S/T-Q motifs compared to its soluble counterpart, suggesting
a PIKK-dependent mechanism of chromatin loading. SMG1, the kinase responsible for
Upfl phosphorylation during NMD is implicated in chromatin recruitment, as exposure
to y-radiation (a known SMG1 stimulus) increases total cellular phospho-Upfl and the
fraction of Upfl associated with chromatin (Azzalin and Lingner, 2006b; Brumbaugh et
al., 2004). Unfortunately, knockdown of SMG1 induces DNA damage, evidenced in
SMG1-deficient cells displaying constitutive phosphorylation of Chk2 and p53, and
nuclear foci containing phosphorylated histone 2AX (yH2AX), in the absence of
extrinsic genotoxic agents. (Brumbaugh et al., 2004). Phosphorylation of these proteins

occurs in response to DNA damage to initiate cell cycle arrest and DNA repair

33



(Reviewed in Sancar et al., 2004). The induction of this DNA damage response in SMG1
knockdown cells resulted in Upfl chromatin recruitment in the absence of y-radiation,
therefore the absolute contribution of SMG1 to Upfl chromatin recruitment has not
been determined (Azzalin and Lingner, 2006b). ATR has also been shown to be a Upfl
kinase in vitro, and knockdown of ATR, but not ATM, decreases total cellular phospho-
Upfl levels and prevents replication stress-induced Upfl chromatin recruitment

(Azzalin and Lingner, 2006b).

1.5.3 The helicase activity of hUpfl may facilitate replication fork progression

through interactions with DNA polymerase &

Whether Upfl interacts directly with DNA or through protein-protein
interactions is unknown, however bovine Upfl, purified close to homogeneity,
preferentially binds to fork-like DNA structures in vitro (Carastro et al., 2002; Li et al.,
1992). Interactions with the DNA replication machinery may also mediate this
interaction, as Upfl co-purifies and co-immunoprecipitates with distinct subunits of
DNA polymerase 6 from bovine thymus extracts and Hela cells respectively (Azzalin
and Lingner, 2006b; Carastro et al., 2002). Functioning in both lagging strand DNA
synthesis and DNA repair, the multi-subunit (p125, p66, p50, p12) DNA polymerase 6 is
one of a group of replicative DNA polymerases utilised by the cell during DNA
replication (Hubscher et al., 2002). DNA replication is initiated from replication origins;
specific genomic loci licensed in G by the assembly of the origin recognition complex
(ORC), Cdc6 and Mcm2-7 (MCM/P1 proteins) on DNA. Increased activity of cyclin-
dependent kinases and Cdc7/ASK brings about origin firing as cells enter S-phase and

at specific times during S-phase to facilitate global DNA replication (Reviewed in
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Aparicio, 2013; Hochegger et al., 2008; and Jares et al., 2000). After replication origin
firing, progressive synthesis on both leading and lagging strands requires the DNA
duplex ahead of the replication fork to be unwound by helicase proteins, allowing the
replication machinery access to single stranded DNA (Figure 1.4). The MCM2-7 helicase
is believed to be the predominant replicative helicase, however a number of additional
helicases have been identified, some of which play a role in resolving aberrant
structures which arise during DNA replication. Blooms disease, Werners disease and
Xeroderma pigmentosa are a few of a broad spectrum of diseases associated with a
loss of specific helicases giving rise to increased genomic instability and an inability to
repair particular aberrant DNA structures or regions of DNA damage (Ellis, 1997;
Monnat and Saintigny, 2004). Similarly, chromatin associated Upf1, either directly or
via interactions with DNA polymerase 6, may unwind duplex DNA ahead of the
progressing replication fork or resolve aberrant DNA structures, possible by utilising

the helicase activity of Upf1.
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Figure 1.4 Leading and lagging strand DNA synthesis at the replication fork

Duplex DNA is unwound ahead of the progressing replication fork by the MCM2-
7 DNA helicase and differential replication machinery is then recruited to each
single DNA strand. Leading strand DNA synthesis is performed by DNA
polymerase €, whereas lagging strand synthesis requires the generation of short
RNA primers by DNA primase, which are then extended by DNA polymerase 6.
These Okazakhi fragments are then joined together by DNA ligase (not shown).
RPA (replication protein A) binds to, and stabilises single stranded DNA
generated by lagging strand synthesis and PCNA (proliferating cell nuclear
antigen) is a DNA clamp that increases the processivity of DNA polymerases.
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1.5.4 Cells depleted of hUpfl shown signs of replication stress and genomic

instability

Intriguingly, Hela cells depleted of Upf1 fail to proliferate and were reported to
undergo an early S-phase replication arrest in the absence of extrinsic DNA damaging
agents (Azzalin and Lingner, 2006b). These cells also accumulated chromosomal breaks
and nuclear foci containing single stranded DNA binding protein RPA and
phosphorylated histone 2AX (yH2AX), two markers of DNA damage indicative of
replication difficulty (Azzalin and Lingner, 2006b). As described previously, ATR is
required for maximal loading of Upfl to chromatin and knockdown of ATR in Upfl-
depleted cells prevents the accumulation of these DNA damage foci, providing further
evidence that ATR is a key mediator of chromatin associated functions of Upfl (Azzalin

and Lingner, 2006b).

The chromatin associated functions of Upfl appear to be distinct from global
MRNA surveillance as i) cells can tolerate long term suppression of NMD without
affecting genomic stability, ii) Upf2 knockdown does not generate yH2AX foci or cause
S-phase arrest and iii) NMD is unaffected in ATR-depleted cells (Azzalin and Lingner,
2006b; Azzalin et al., 2007; Wittmann et al., 2006). One possible mechanism by which
Upfl might be differentially regulated to undertake NMD as well as genome stability
functions might involve alternative phosphorylation sites. Upfl contains multiple S/T-Q
motifs and the differential phosphorylation of nuclear Upfl by ATR, potentially in

combination with SMG1 could allow simultaneous Upf1 function in multiple pathways.
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1.6 The identification of the ever-shorter telomere (EST) family proteins and their
homology to NMD factors

Studies in S.cerevisiae identified a family of proteins (ever-shorter telomere,
(EST)) which, when depleted, induced telomere shortening and the up-regulation of
telomere associated genes. Interestingly EST1A/B/C were found to be homologous to
the SMG5-7 proteins involved in NMD, suggesting global mRNA surveillance regulates
telomeric DNA replication at least in this organism and may function in mammalian

telomere homeostasis (Dahlseid et al., 2003; Enomoto et al., 2004; Lew et al., 1998).

1.6.1 Telomeric structures insulate and protect chromosomal ends

Telomeres are specialised DNA structures located at the end of chromosomes
preventing genetic information loss arising from replication dependent telomere
shortening (De Lange, 2005b; Olovnikov, 1973). These structures present a unique
challenge for the cell as semi-conservative DNA replication of telomeric TTAGGG-
3’/CCCTAA-3’ repeats generate a naked DNA “end” resembling a double strand break
(Bertuch and Lundblad, 1998; Moyzis et al.,, 1988; Shay and Wright, 2004). If not
processed correctly, this “end-protection problem" activates a DNA damage response
and prevents mitotic entry (Reviewed in de Lange, 2009). To circumvent this, a
telomeric ‘cap’ is formed late S/G; by the invasion of the chromosomal terminus into
the upstream DNA duplex (Figure 1.5a), to form a T-loop (Griffith et al., 1999).
Formation of this structure is dependent upon stabilisation by the shelterin complex
(Telomeric Repeat Binding Factor 1 and 2 (TRF1 and TRF2), Protection Of Telomeres 1
(POT1), TRF1-Interacting Nuclear protein 2 (TIN2), Rapl and Tripeptidyl Peptidase 1
(TPP1)) (Figure 1.5b) and exclusion of these regions from the DNA damage response.
Normal telomeric cap processing generates intermediary DNA structures that

38



resemble regions of genomic DNA damage, such as the 3’ single stranded DNA
overhang essential for T-loop formation (Chow et al., 2012; de Lange, 2005a). These
regions become ‘protected’ from recognition by ATR at the end of S-phase, through
hnRNPA1 (heterogeneous nuclear ribonuclear protein 1A) mediated displacement of
ssDNA-bound RPA from telomeric DNA, and replacement with POT1 (Denchi and de

Lange, 2007).
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a T-loop

Figure 1.5 Telomeric DNA ends are protected from the DNA damage response by
the shelterin complex

a) Telomeric DNA replication generates a 3’ overhang, which through
coordinated activation of ATM, ATR and DNA-pk loops back to invade the
upstream DNA duplex, forming the minor D-loop and major T-loop structures. b)
The shelterin complex (TRF1, TRF2, Rapl, Tin2, TPP1 and POT1) assembles on
telomeric DNA and protects telomere caps from recognition by DNA damage

response pathways.
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1.6.2 PIKKs regulate the genomic integrity of telomeres

PIKKs are, however, recruited to telomeres at specific stages of the cell cycle,
with ATR, ATM and DNA-PK performing distinct functions essential for normal
telomere replication. DNA-PK and ATM are recruited to telomeres during G, and
mediate the strand invasion-like events essential for telomere cap processing (Bailey et
al., 2001; Verdun et al.,, 2005). SMG1 is the critical kinase required for Upfl
phosphorylation during NMD but no role for it in global telomere replication has yet
been described. The G4 quadruplex DNA structures found at telomeres have been
proposed to form secondary structures similar to those found at genomic fragile sites
(Rizzo et al., 2009). Indeed, depletion of hnRNPA1, the shelterin component TRF1 or
exposure to aphidicolin-induced replication stress causes strand-breakage phenotypes
at telomeres characteristic of fragile site breakage (Le et al., 2013; Martinez et al.,
2009; Sfeir et al., 2009). ATR has been shown to suppress the emergence of genomic
fragile sites (Casper et al., 2002) and, as it is recruited to telomeres in late S-phase and
required for the completion of telomeric replication and overhang generation (Casper
et al., 2002; Sfeir et al., 2009; Verdun and Karlseder, 2006), may also be involved in

suppression of telomere-specific fragile sites.

1.6.3 Nonsense mediated mRNA decay factors regulate a subset of telomeres in

human cells

Azzalin et al., 2006, demonstrated Upfl is recruited to chromatin during S-
phase and later showed that the NMD factors SMG1, Upfl, Upf2, EST1A/SMGS6,
EST1B/SMG5 and EST1C/SMG7 specifically interact with telomeric DNA in chromatin

immunoprecipitation (ChIP) assays (Azzalin et al., 2007; Chawla et al., 2011). The low
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frequency loss of whole telomeric tracts upon knockdown of SMG1, SMG6 and Upfl
and telomeric yH2AX foci in Upfl depleted cells indicate a failure of DNA replication at

a subset of telomeres (Azzalin et al., 2007).

The S.cerevisiae Upfl homologue (Upflp) is found exclusively in the cytoplasm
and does not appear to regulate genomic stability, reflecting evolutionary divergence
in the regulation of telomeres between yeast and humans (Atkin et al., 1995; He et al.,
1993). Indeed, when the core NMD component Upf2 is depleted, only mild telomeric
phenotypes are observed in Hela cells, suggesting mammalian telomeric regulation is
not dependent on the canonical NMD pathway (Azzalin et al., 2007). One possibility is
that Upfl performs helicase functions at telomeres to facilitate lagging strand DNA
synthesis through interaction with DNA polymerase 6, the lagging strand polymerase
at telomeres (Gilson and Geli, 2007; Lormand et al., 2013; Moser et al., 2009).
However, in Upfl-depleted cells, leading strand telomeres are predominantly affected,
with only mild effects seen at lagging DNA strands (Chawla et al., 2011). Further
classification of this effect and whether Upfl interacts with the leading strand
machinery, including DNA polymerase € would shed further light on the role of Upfl in

telomeric DNA replication.

1.6.4 Long non-coding RNAs and the regulation of telomeres

Telomeric DNA was long considered transcriptionally silent but is now known to
be transcribed in early G; by RNA polymerase Il into Telomeric Repeat Containing RNA
(TERRA). These long non-coding RNA (IncRNA) UUAGGG, repeat sequences range from
100bp-9kb and exist exclusively in the nucleus in two distinct populations, a

polyadenylated pool in the nucleoplasm and a non-polyadenylated fraction shown to
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associate with a subset of telomeres in vivo (Azzalin et al., 2007; Luke and Lingner,
2009; Luke et al., 2008; Porro et al., 2010; Schoeftner and Blasco, 2008; Xu et al.,
2010). The exact function of TERRA at telomeres is unknown, however it has been
shown to bind to telomerase in vivo, inhibiting its activity in vitro (Redon et al., 2010;
Schoeftner and Blasco, 2008) and to inhibit hnRNPA1, preventing the RPA-POT1 switch
required for telomere protection during normal DNA replication (Flynn et al., 2011;

Redon et al., 2013).

1.6.5 TERRA regulation by the NMD factors Upfl and SMG6 but not Upf2

The S-phase specific shuttling of Upfl to chromatin correlates with a regulated
degradation of TERRA during S-phase (Porro et al., 2010), indicating Upfl may regulate
these IncRNAs during specific stages of the cell cycle. TERRA forms telomeric DNA-RNA
hybrids in vitro and in vivo, existing as G-quadruplex structures that protect TERRA
from enzymatic degradation (Balk et al.,, 2013; Luke et al., 2008; Martadinata and
Phan, 2009; Randall and Griffith, 2009; Redon et al., 2010; Xu et al., 2008a; Xu et al.,
2008b). The 5’-3’ RNA helicase activity of Upfl has been proposed to remodel the
TERRA molecule, displacing it from DNA and promoting endonucleolytic degradation
through interactions with the PIN domain of SMG6 (Eberle et al., 2009; Glavan et al.,
2006; Huntzinger et al., 2008). Indirect evidence for Upfl-mediated TERRA remodelling
and destruction in vivo may be observed in cells expressing Upfl ATPase mutants
lacking helicase activity (Bhattacharya et al., 2000). These accumulate telomere-free
ends (TFEs) and knockdown of Upfl or SMG6 increases the number of telomeric TERRA
foci (Azzalin et al., 2007; Chawla et al., 2011). Although found at telomeric DNA, Upf2

depletion does not increase TERRA foci (Azzalin et al., 2007) suggesting allosteric
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inhibition of Upfl ATPase and helicase functions by the CH/SQ domains may be

modulated through interactions with other, currently unknown proteins at telomeres.

Association of Upfl with telomeric DNA and the telomerase/shelterin complex
is decreased upon ATR knockdown (Chawla et al., 2011) and accumulation of TERRA
foci in SMG1-depleted cells suggest complex coordination of PIKKs at telomeres is
required in the regulation of TERRA-dependent telomere replication (Azzalin et al.,

2007).

1.6.6 The regulated degradation of TERRA has been proposed to modulate

telomerase activity

One hypothesis proposed to explain the regulated degradation of TERRA is that
NMD components are ultimately involved in telomere cap formation, through the
regulation of telomerase enzymatic activity and telomere protection. Telomerase is an
enzyme that uses an internal RNA template (hTR) to synthesise the 100-200bp lost
during telomeric DNA replication to maintain telomere length (Reviewed in Gomez,
2012). Telomerase activity is required in late S-phase for telomere extension, mediated
by interactions with the shelterin complex, prior to end processing and cap formation
(Nandakumar and Cech, 2013; Verdun et al., 2005). Upfl, SMG6 and TERRA interact
with telomerase in vivo and Upfl also competitively associates with the shelterin
component TPP1, known to modulate telomerase activity (Chawla et al., 2011; Redon
et al.,, 2007; Reichenbach et al.,, 2003; Snow et al., 2003). TERRA inhibits hnRNPA1
mediated end-protection and telomerase in vitro (Flynn et al., 2011; Redon et al.,
2010) and was recently shown to cluster telomerase molecules in early S-phase,

proposed to inhibit telomerase activity until late S-phase, when these clusters
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associate with specific telomeres (Cusanelli et al., 2013). Removal of TERRA at the end
of S-phase may be necessary to alleviate inhibition of telomerase and hnRNPA1L,

allowing telomere extension and end protection before T-loop formation (Figure 1.6a).
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Figure 1.6 Two models of Upfl-dependent TERRA regulation at telomeres

a) End processing model: Upfl and SMG6 degrade TERRA at the end of S-phase,
removing TERRA-induced inhibition telomerase and hnRNPA1. b) Replication fork
progression model: TERRA forms secondary structures resembling R-loops at a
subset of telomeres, generating replication fork stall. Through activation of ATR,
Upfl is recruited to these chromatin regions and Upfl helicase activity remodels
TERRA, facilitating SMG6-mediated RNA decay. SMG1 functions in TERRA
regulation but direct target has not been identified. See text for further details.
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1.6.7 TERRA resolution may alternatively aid replication fork progression at a

subset of telomeres

However, in disagreement with the hypothesis presented above, recent studies
have shown increased levels of both naturally occurring and artificially induced TERRA
did not affect the ability of telomerase to extend telomeres in human cell lines
(Farnung et al., 2012), and short-term TERRA transcription does generate telomere
shortening (Arora et al.,, 2012). An alternative hypothesis therefore is that TERRA
bound to telomeres forms a physical barrier to the progressing replication fork (Figure
1.6b) (Maicher et al., 2012). Telomeric DNA replication is unique as it is initiated in sub-
telomeric regions and progresses unidirectionally into the telomere, where no
downstream replication origins have been identified (Reviewed in Gilson and Geli,
2007). Therefore replication fork failure cannot be recovered by the firing of adjacent
origins, and replication fork stall at telomeric regions, if not resolved, is more likely to
generate double strand breaks than at other genomic loci. Hybridisation of a TERRA
molecule to a stretch of telomeric DNA may generate secondary structures similar to
those found at genomic fragile sites. R-loops, DNA-RNA hybrids, form where RNA
polymerase Il transcribed RNA hybridizes with its original template DNA strand (Mclvor
et al., 2010), and are known to block progressing replication forks. The activation of
ATR and recruitment of specific helicases is required to facilitate progression over such
regions (Aguilera and Gomez-Gonzalez, 2008; Casper et al., 2002). TERRA fits the
criteria to induce an R-loop and interestingly, a recent study in S.cerevisiae showed
TERRA molecules interacting with their specific telomere of origin (Cusanelli et al.,
2013). One such helicase involved in the resolution of these structures at genomic loci,

Senataxin, shares large C-terminal homology with Upfl (Alzu et al., 2012; Suraweera et
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al., 2009). Upfl may therefore function at a subset of telomeres presenting TERRA-
DNA hybrids, through associations with DNA polymerase &§/¢, providing RNA helicase

activity to displace the TERRA molecule and allow replication fork progression.

1.6.8 Upfl may maintain genomic stability through the regulation of telomeric

DNA replication

Telomere dysregulation and subsequent telomere shortening is a hallmark of
cellular ageing, chromosomal instability and tumorigenesis (Reviewed in Artandi and
DePinho, 2010; Gilson and Geli, 2007; Harley et al., 1990; Karlseder et al., 1999; Kim Sh
et al., 2002; Nakamura et al., 2008). Increased incidence of telomeric defects observed
in Immunodeficiency, Centromeric region instability, Facial anomalies (ICF) syndrome
cases corresponds to high levels of TERRA in these patients (Yehezkel et al., 2008). It
has been noted that TERRA down regulation correlates with tumour progression
(Schoeftner and Blasco, 2008) which may allow enhanced telomerase activity and
telomere extension, providing tumour cells a proliferative advantage over non-
cancerous cells. The loss of complete telomeric tracts in the absence of Upfl suggests
replication forks are failing during early stages of telomeric replication, or
chromosomes with extremely short existing telomeres, therefore highly dependent
upon telomerase, are most severely affected in these cells. Both proposed
mechanisms involve the S-phase specific degradation of TERRA and therefore may not
be mutually exclusive. Determining the contribution of Upfl in TERRA-mediated
telomere replication is vital to increase our understanding of how telomere

homeostasis impacts upon the genomic integrity of the cell.
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1.7 Therapeutic targeting of the NMD pathway is dependent upon understanding
the S-phase specific role of the RNA helicase Upfl

The surveillance of cellular mRNAs encompasses a broad spectrum of targets,
from PTC-containing nonsense transcripts, to the global regulation of subsets of
normal genes during embryogenesis. A core component of these pathways is the RNA
helicase Upfl, and while NMD is dispensable for organismal survival, Upfl has been
shown to have nuclear functions critical for the maintenance of genomic stability in

human cells.

Transcripts containing a PTC downstream of critical domains, although targeted
by NMD, could generate proteins with either full or partial function if translated. The
ability of the adult cell to tolerate down regulation of global NMD is of great interest,
as therapeutic modulation of the NMD pathway, potentially through Upfl suppression,
has been proposed as an alternative to current read-through therapies for conditions
exacerbated by NMD such as Duchenne Muscular Dystrophy and Cystic Fibrosis
(Johnson et al., 2012; Linde and Kerem, 2011; Malik et al., 2010; Peltz et al., 2013). The
chronic conditions amenable to this approach require lifelong suppression of NMD, so
understanding how Upfl coordinates mRNA surveillance and genomic stability is vital
to ensure sustained genomic instability and cancer predisposition is not generated in

these patients.
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1.8 Aims and objectives of this work

The objective of this body of work was to investigate roles of Upfl in S-phase
progression and genome stability, as there is increasing evidence that Upfl has
functions within the nucleus, distinct from mRNA surveillance, that are coupled to DNA

replication and are essential for the maintenance of genomic stability.

In this chapter | have highlighted the role of checkpoint signalling in
maintaining the fidelity of DNA replication and described the current understanding of
how Upfl functions in mRNA surveillance. | have introduced key studies in which Upfl
was shown to interact with chromatin and be essential for S-phase specific pathways

involved in the regulation of histone mRNAs and telomere integrity.

The first two stages of my research focused on the mechanisms of how Upfl
interacts with chromatin during S-phase. Initially, | attempted to set up a yeast two-
hybrid assay to perform molecular analysis of the interaction between Upfl and the
p66 subunit of DNA polymerase 6. In a second line of study, | set out to identify the

Upf1 structural motifs essential for interaction with chromatin during S-phase.

The third stage of the research was the investigation of how Upfl chromatin
recruitment during S-phase may function to sustain DNA replication at genomic and
telomeric sites, and the significance for the genomic integrity of the cell when these
functions are lost. Using these approaches | hoped to gain insight into the mechanism
by which Upfl specifically contributes to the genomic stability of the cell during S-

phase.
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Chapter 2 Materials and Methods

2.1 Reagents

General laboratory chemicals were obtained from Sigma-Aldrich Limited (The Old
Brickyard, New Road, Gillingham, England, SP8 4XT) or VWR international Limited
(Merck House, Poole, England, BH15 1TD), unless otherwise stated. Chemicals were
AnalaR grade. Deionised water was obtained using a Millipore Ultra-pure protogel 30%
(w/v) acrylamide: 0.8% (w/v) bis-acrylamide stock, solution (37.5:1) mix was from
Geneflow limited (Fradley Business Centre, Wood End Lane, Fradley, England WS13
8NF). Enhanced Chemiluminescence (ECL), Enhanced Chemiluminescence Plus (ECL+),
ECL Chemiluminescence Advance (ECL A) were from Amersham Biosciences UK Limited

(Pollards Wood, Nightingales Lane, Chalfront Street, Giles, England HP8 4SP).

Tissue culture plastic ware was obtained from Greiner Bio-one (Brunei Way,
Stroudwater Business Park, Stonehouse, Glos, GL103SX). Bio-Rad protein (Bradford)
Assay reagent, Mini-Protean |l protein gel electrophoresis equipment were from Bio-
Rad Laboratories Ltx (Bio-Rad House, Marylands Avenue, Hemel Hemstead, England,
HP2 3TD). Schleicher &Schuell Protran Nitrocellulose transfer membrane was from
Inverclyde Biologicals (2 Teal Court, Strathclyde Business Park, Bellshill, Scotland, ML4
3NN). Whatmann 3mm paper was from Fisher Scientific UK Limited (Bishop Meadow
Road, Loughborourgh, England, LEU 5RG). Complete inhibitor cocktail tablets were
from Roche Diagnostics Limited (Bell Lane, Lewes, England, BN7 1LG). Dulbecco’s
Modified Eagle Medium (DMEM), Dulbecco’s phosphate buffered saline (DPBS, trypsin-
EDTA, glutamine, Zeocin©, Blasticidin, Hygromycin, Doxycycline were obtained from
Invitrogen Limited (3 Fountain Drive, Inchinnan Business Park, Paisley, Scotland,

OAA49RF). Plasmid DNA purification kits and QlAquick gel extraction kits, Polyfect and
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Oligofectamine were from Qiagen (Qiagen house, Fleming Way, Crawley, England,
RH10 2AX). Molecular biology reagents, such as restriction endonucleases and
associated buffers were from New England Biolabs Limited (73 Knowl! Piece, Wilbury
Way, Hithcin, England, SG4 OTY), Promega UK Limited (Delta House, Chilworth Science
Park, Southampton, England, SO16 7NS) or Fermentas (Helena Biosciences Europe,
Colima Avenue, Sunderland Enterprise Park, Sunderland, England, SR5 3XB). PNA
telomeric FISH probe and reagents were obtained from Cambridge Research
Biochemicals, 10 Belasis Court, Belasis Hall Technology Park, Billingham, Cleveland,
TS23 4AZ UK). Quickchange mutagenesis kits, XL-10 Gold ultra-competent cells and Pfu
Ultra DNA polymerase were from Agilent Technologies UK Limited (Lakeside, Cheadle
Royal Business Park, Stockport, Cheshire, England, SK8 3G). The Scottish National
Blood Transfusion Service (Castlelaw Building, Pentlands Science Park, Penicuik,
idlothian, Scotland, EH26 OPZ) supplied anti-serum raised against human Upf1. Jackson
Immunoresearch HRP- conjugated secondary antibodies were obtained from Stratech
Scientific Limited (Unit 4 Northfield Business Park, Northfield Road, Soham, England,
CB7 SUE). Konica AX bue x-ray film was obtained from Hospital Engineering Limited

(Unit 6, Mercury Way, Mercury Park, Manchester, England, M41 7HS).
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2.2 Antibodies

2.2.1 Primary antibodies

Raised
Antibody Species Supplier Dilution
against
Scottish National Blood
Anti-Upfl Sheep serum Human Upfl Transfusion Service WB: 1:5000
Ref: C5B9
Goat affinity Bethyl WB: 1:1000
Anti-Upfl Human Upfl
purified Prod code: (A301-038a) IP: 1ug/mg protein
Rabbit affinity Cell signalling WB: 1:1000
Anti-Upf2 Human Upf2
purified (Prod code: D4A7) IP: 1:50
Mouse affinity Sigma WB: 1:5000
Anti-Flag Flag Tag
purified (Prod code: F1804) IP: 1ug/mg protein
Rabbit affinity Bethyl
Anti-p66 Human p66 IP: 1ug/mg protein
purified (Prod code: A301-243a)
Rabbit affinity Bethyl
Anti-p66 Human p66 WB: 1:1000
purified (Prod code: A301-244a)
Mouse affinity Abcam
Anti-PCNA Rat PCNA WB: 1:1000
purified (Prod code: ab29)
Mouse affinity Modified B- Sigma
Anti-Actin WB 1:10000
purified actin peptide (Prod code: A1978)
Anti-alpha Mouse affinity Rat brain Sigma
WB 1:10000
Tubulin purified tubulin (Prod code: T8203)
Human H2AX
Anti-phospho | Mouse affinity Millipore
(phospho WB 1:1000
histone 2AX purified (Prod code: 05-636)
ser139)
Rabbit affinity BD Pharmingen
Anti-ORC2 Human ORC2 WB 1:1000
purified (Prod code: 559266)
Mouse affinity Human Santa Cruz
Anti-nucleolin WB 1:10000
purified nucleolin (Prod code: sc-17826)
Rabbit affinity = Recombinant Abcam
Anti-GFP WB 1:1000
purified GFP (Prod code: ab6556
Rabbit affinity
Anti-Gal-AD Anti-GalAD Sigma G9293 WB 1:1000

purified

Table 1 Primary antibodies used in this project

Table detailing the species, source, suppliers and working concentrations of the

primary antibodies used in this project.
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2.2.2 Secondary antibodies

Raised
Antibody Species Supplier Dilution
against
Sheep affinity Santa Cruz
Anti-sheep HRP Sheep I1gG WB: 1:5000
purified (Prod code: sc-2473)
Goat affinity Santa Cruz
Anti-goat HRP Goat I1gG WB: 1:5000
purified (Prod code: sc-2020)
Mouse affinity Santa Cruz
Ant-mouse HRP Mouse IgG WB: 1:5000
purified (Prod code: sc-2060)
Rabbit affinity Santa Cruz
Anti-rabbit HRP Rabbit IgG WB: 1:5000
purified (Prod code: sc-2004)

Table 2 Secondary antibodies used in this project

Table detailing the species, source, suppliers and working concentrations of the

secondary antibodies used in this project.
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2.3 Primers

2.3.1 Primers used in Chapter 3

Subcloning of human Upf1 into pGBDU-C2 and pGAD-C2

F 5 —GATCGGATCCCCATGAGCGTGGAGGCGTACGGGCCCAGCTGC- 3’

R 5" —GATCATCGATGGTTATTAATACTGGGACAGCCCCGTCACCCC- 3’

Subcloning of human p66 into pGBDU-C2 and pGAD-C2

F 5 —GATCGGATCCCCATGGCGGACCAGCTTTATCTGGAAAAT- 3’

R 5 —GATCATCGATGGTTATTATTTCCTCTGGAAGAAGCCAGTAAT- 3’

Subcloning of S.pombe PCNA (Pcn1l) into pGBDU-C2 and pGAD-C2

F 5 —GATCGGATCCCCATGCTTGAAGCTAGATTTCAGCAGGCT- 3’

R 5" —GATCATCGATGGCTACTACTCCTCATCCTCCTCACCATT-3’

2.3.2 Primers used in Chapter 4

Upf1™°® siRNA resistance site directed mutagenesis

F5 —GGTGTCACTGCAGCCGATCGTGTCAAGAAGGGATTTGA- 3’

R 5" —TCAAATCCCTTCTTGACACGATCGGCTGCAGTGACACC- 3’

res

Flag-tag addition and subcloning of Flag-Upfl

F 5 —CCGGATCCATGGACTACAAAGACGATGACGACAAGCTTAGCGTGGAGGCGTACGGGCCCA- 3’

R 5 —GATCGCGGCCGCGGTTATTAATACTGGGACAGCCCCGTCACCCCGCCA-3’
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Subcloning of Flag-Upf1"*°A1-91aa into pCDNA5/FRT/TO/CAT

F 5" —CCGGATCCATGGACTACAAAGACGATGACGACAAGAGTGTAGCCAAGACCAGCCA- 3

R 5 —GATCGCGGCCGCGGTTATTAATACTGGGACAGCCCCGTCACCCCGCCA-3’

Site directed mutagenesis of Flag-Upf1"**'%*

F 5 —GTGAGAGTCTGCGCGCTGGGCCCGTAC- 3’

F 5 —-GTACGGGCCCAGCGCGCAGACTCTCAC- 3’

Site directed mutagenesis of Flag-Upf1"*™**

F 5 —-GTACGGGCCCAGCGCGCAGACTCTCAC- 3’

R 5 —CGGAGCCCTGTGCGTCGGCGCCAAG- 3’

Site directed mutagenesis of Flag-Upf1"*>***

F 5 —GACTTTACTCTTCCTGCCCAGACGCAGACGC- 3’

R 5 —GCGTCTGCGTCTGGGCAGGAAGAGTAAAGTCGG- 3’

Site directed mutagenesis of Flag-Upf1™*>***

F 5 —CCGACTTTACTCTTCCTGAGCAGACGCAGACGCCCCC- 3

F5 —GGGGGCGTCTGCGTCTGCTCAGGAAGAGTAAAGTCGG- 3’

Site directed mutagenesis of Flag-Upf1*'%**

F 5 —CGACGTGGCGCTCGCACAGGACTCCAC- 3’

R 5 —-GTGGAGTCCTGTGCGAGCGCCACGTCG- 3’
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Site directed mutagenesis of Flag-Upf1*'®4

F5 —GGGGTGACGGGGCTGGCCCAGTATTAATAACC-3

R 5 —GGTTATTAATACTGGGCCAGCCCCGTCACCCC- 3’

B-globin gPCR primers

F 5" -CACCTGGACAACCTCAAGGGCA- 3’

R 5 -TGCAGCGGGGGTGAAATCCTTG- 3’

MUP gPCR primers

F 5 -CCAATGCCAATCGCTGCCTCCA-3’

R 5 -AGGGATGATGGTGGAGTCCTGGTG- 3’
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2.4 siRNA used in Chapters 4 and 5

ON-Target plus siRNAs were obtained from Thermo Scientific

Upfl siRNA sense sequence

CAGCGGAUCGUGUGAAGAAUU

Upfl siRNA antisense sequence

5" P.UUCUUCACACGAUCCGCUGUU

A non-targeting siRNA (Thermo Scientific D-001810-01) was used as a negative control.
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2.5

Plasmids used in this study

Plasmid Origin Antibiotic"
pCl-Neo-Flag-Upfl Prof J. Lingner Ampicillin
pEGFP-P66 Dr Emma Warbrick | Kanamycin
pACT-Pcnl Dr Emma Warbrick | Ampicillin
Yeast two hybrid plasmids

pGBDU-C2 Prof K.Ayscough Ampicillin
pGBDU-C2-Upfl This study Ampicillin
pGBDU-C2-p66 This study Ampicillin
pGBDU-C2-Pcnl This study Ampicillin
pGAD-C2 Prof K.Ayscough Ampicillin
pGAD-C2-Upfl This study Ampicillin
pGAD-C2-p66 This study Ampicillin
pGAD-C2-Pcnl This study Ampicillin
FLP-IN plasmids

p0OG44 Invitrogen Ampicillin
pCDN5/FRT/TO/CAT Invitrogen Ampicillin
pCDN5/FRT/TO/CAT-Upf1™ This study Ampicillin
pCDN5/FRT/TO/CAT-Flag-Upf1™® This study Ampicillin
pCDNS5/FRT/TO/CAT-Flag-Upf1'est112 This study Ampicillin
pCDNS5/FRT/TO/CAT-Flag-Upf1"*='* This study Ampicillin
pCDN5/FRT/TO/CAT-Flag-Upf1""2%A This study Ampicillin
pCDNS5/FRT/TO/CAT-Flag-Upf1"**** This study Ampicillin
pCDNS5/FRT/TO/CAT-Flag-Upf1"*** This study Ampicillin
pCDN5/FRT/TO/CAT-Flag-Upf1esT28A/51096A/51116A This study Ampicillin
NMD reporter assay

pmCMV-G1 Norm Dr L. Maquat Ampicillin
pmCMV-G1 Ter Dr L. Maquat Ampicillin
phCMV-MUP Dr L. Maquat Ampicillin

Table 3 Plasmids used in this study

Table showing the plasmids used and generated in this study.

59



2.6  Molecular biology techniques

2.6.1 Plasmid construction

A human Upfl cDNA was amplified from pCl-Neo-Flag-Upfl ((Sun et al., 1998),
a kind gift from Professor Joachim Lingner) using the AccuprimeGC DNA polymerase
(Invitrogen) using manufacturer guidelines and the following amplification conditions
(95°C 3 min/30x(95°C 30 s/60-70°C 30s/72°C 4.5 min)/72°C 10 min). Human p66 cDNA
was amplified from pEGFP-p66 and S.pombe Pcnl cDNA amplified from pACT-Pcnl
(both kindly obtained from Emma Warbrick) using Phusion DNA polymerase (NEB)
using the manufacturer guidelines. BamHI/Clal digested cDNAs of each sequence were
then inserted into both the pGBDU-C2 and pGAD-C2 plasmids (a kind gift from Prof
Kathryn Ayscough) using standard cloning procedures (J. Sambrook, 1989) and verified

by DNA sequencing (see below).

2.6.1.1 Introduction of siRNA resistance mutations into Upfl

Due to the presence of a high GC nucleotide region and a lack of compatible
restriction sites within Upfl, a standard cloning approach using the complete Upfl
DNA sequence was not possible. The detailed cloning strategy used in this study is

described below.

A Kpn1/Bcll Upfl fragment (1785-2903) was digested out of pGBDU-Upfl and
ligated into the appropriately digested psl1180 plasmid to generate psl1180-
Upf1(1785-2903). Two silent mutations (G2184C and G2193C) conferring resistance to
a specific Upfl siRNA were generated using the Quickchange XL mutagenesis kit
(Stratagene) to generate psl1180-Upf1(1785-2903)™° (see mutagenesis section for

conditions).
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2.6.1.2 pcDNAS/FRT/TO/CAT-Upf1™ construction

A (1785-2903) Kpnl/Bcli Upfl™ fragment was digested out of psl1180-
Upf1(1785-2903)™° and ligated into the appropriately digested pGBDU-C2-Upfl

res

plasmid to generate pGBDU-C2-Upf1™°. A BamHI/Bglll complete Upf1™ fragment was
then digested out of pGBDU-C2-Upf1™ and ligated into an appropriately digested
psl1180 plasmid to generate psl1180-Upf1™. A BamHI/Notl fragment was then
digested out of psl1180-Upfl™ and ligated into the appropriately digested

pcDNA5/FRT/TO/CAT plasmid to generate pcDNA5/FRT/TO/CAT-Upf1"™,

2.6.1.3 pcDNAS/FRT/TO/CAT-Flag-Upf1™* construction

A single N-terminal flag tag was added by PCR to pcDNA5/FRT/TO/CAT-Upf1"®
using Accuprime GC PCR, but mutations were present >230 bp into the resultant cDNA.
To address this, a BamHI/Sfil Flag-Upf1(1-155) fragment was digested out of this
pcDNA5/FRT/TO/CAT-Flag-Upf1™® (incorrect 3’ sequence) and ligated into an
appropriately  digested  pcDNAS/FRT/TO/CAT-Upfl™  plasmid to generate
pcDNA5/FRT/TO/CAT-Flag-Upf1™°. The absence of mutations in this construct was

confirmed by DNA sequencing.

2.6.14 Alanine substitution of Upfl S10, T28, S42 and S42E generation

A BamHI/Sfil Flag-Upfl fragment was digested out of pcDNA5/FRT/TO/CAT-
Flag-Upf1™ and ligated into an appropriately digested psl1180 plasmid to generate
psl1180-Flag-Upf1(1-155). Alanine substitution mutagenesis was performed using the
Quickchange XL mutagenesis kit (Stratagene) and repeated for S10, T28 and S42 to
generate pls1180-Upf1(1-155)°*%*, pls1180-Upf1(1-155)"* and pls1180-Upfi(1-

155)***A. Glutamic acid substitution of S42 was also performed to generate pls1180-
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Upf1(1-155)**%. A BamHI/Sfil fragment containing each individual mutation was ligated
into an appropriately digested pcDNA5/FRT/TO/CAT-Flag-Upf1™ to generate
PCDNAS/FRT/TO/CAT-Flag-Upf1'**%, PcDNAS/FRT/TO/CAT-Flag-Upf1*"*4,

pcDNAS/FRT/TO/CAT-Flag-Upf1™**** and pcDNAS/FRT/TO/CAT-Flag-Upf1"****,

2.6.1.5  pcDNAS5/FRT/TO/CAT-Upf1**°! construction

An N-terminal deletion of amino acids 1-91 was performed by PCR using
Phusion high fidelity DNA polymerase and this BamHI/Notl fragment was digested and
ligated into the appropriately digested pcDNAS5/FRT/TO/CAT plasmid to generate

pcDNAS/FRT/TO/CAT-Upf1"s4%,

2.6.1.6  pcDNAS/FRT/TO/CAT-Upf1"esT28A/SI096A/SILIGA (0 nctruction

Alanine substitution mutagenesis of Upfl serine 1116 was performed on
pcDNAS5/FRT/TO/CAT-Upf1"**°! to generate pcDNAS5/FRT/TO/CAT-Upf1 eshl-91-51116A
Additional mutagenesis of serine 1096 was performed on pcDNA5/FRT/TO/CAT-
Upf1resAl9TSIeA 15 senerate pcDNAS/FRT/TO/CAT-Upf1 oAl oLSI096A/SILII6A " o gyl /Nt
fragment was digested from pcDNAS/FRT/TO/CAT-Upf1 esAl91-S1096A/SILIGA o1y Jigated
into the appropriately digested pcDNAS5/FRT/TO/CAT-Flag-Upf1™'®* to generate

pCDNAS/FRT/TO/CAT-U pflresT28A/51096A/51116A.

2.7 DNA digestion with restriction enzymes

Digests were performed on miniprep DNA, maxiprep DNA and PCR products.
Analytic digests were performed in a maximum volume of 60ul using 5U of enzyme per
microgram of DNA, appropriate enzyme buffer and MilliQ H,O. 10% of total digest

volume was used for analytical agarose gel electrophoresis.
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In order to obtain larger quantities of digested DNA for sub-cloning, increased
amounts of DNA and corresponding amounts of restriction enzyme were used scaled
to the appropriate volume. Reactions were mixed thoroughly by pipetting and
incubated at the recommended temperature for 1 h or overnight. All enzymes
specified were obtained from NEB. To reduce levels of background re-ligation of
plasmids containing only a single cut after digestion, 1U of calf intestinal phosphatase

(Promega) was added for 1 h at 37°C.

2.8 DNA ligation

The parental plasmid and the DNA fragment to be inserted were digested with
the appropriate restriction enzymes. Digested fragments were separated by gel
electrophoresis and gel extracted (see below). 0.1ug of digested vector was
transferred to a clean 1.5ml Eppendorf tube with differing amounts of insert DNA in
1:1 to 1:6 ratios. 2ul of 10x T4 ligase buffer, 1l of T4 DNA ligase were added to a final
volume of 20ul, made up with MilliQ H,0, and incubated overnight at room
temperature. Control reactions including plasmid-only ligation reactions and T4 DNA
ligase-free reactions were also performed. Prior to transformation, ligated DNA was re-

isolated using a QlAquick PCR purification kit (see below)

2.9 Electrophoretic analysis of DNA

The electrophoresis apparatus was prepared and the electrophoresis tank filled
with sufficient 1x TAE (40 mM Tris (20 mM acetic acid, 1 mM EDTA pH8.0) buffer to
cover the agarose gel. The appropriate amount of agarose was transferred to a heat
proof flask with 100ml 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
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1ug/ml. The agarose solution was poured into the gel mould and the comb positioned.
After the gel was completely set, the comb was removed and the gel mounted in the
tank. The DNA samples were mixed with 1x sample buffer type IV (40% sucrose, .025%
bromophenol blue) and loaded into the wells using a micropipette. The molecular
weight marker set DNA hyperladder | (NEB) (5ul) was also loaded for reference. The
tank lid was attached and electric current applied across the gel (typically 100 V,
400mA for 30-60 min) to facilitate migration of DNA towards the anode. After
electrophoresis, the gel was examined under UV light at 312nm and images taken

Uvitech UviProchemi camera system.

2.10 Purification of DNA (QlAquick PCR purification kit) from reaction mixtures

DNA was purified using a kit from Qiagen according 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 13000 rpm to bind
DNA. The flow-through was discarded and the column washed with 0.75ml Qiagen
buffer PE by centrifugation for 1 min at 13000 rpm and the flow-through discarded.
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 1.5ml Eppendorf
tube and 50ul of Qiagen buffer EB added and allowed to stand for 1 min. DNA was

eluted by centrifugation at 13000 rpm for 1 min. DNA was stored at -20°C.
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2.11 DNA extraction and purification from agarose gels (QlAquick gel extraction kit)

DNA was extracted from agarose gel and purified using a kit from Qiagen
according to the manufacturer’s instructions. For gel extractions, ethidium bromide
was replaced by the SYBR Safe (Invitrogen) DNA gel stain as this can be visualised
without the need for UV light. A gel slice containing the DNA of interest was excised
with a clean, sharp scalpel and weighed. 3 volumes of Qiagen buffer QG 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 mixed. The
solution was transferred to a QIAquick column and centrifuged for 1 min at 13000 rpm.
The flow-through was discarded and 0.75ml Qiagen PE buffer added and the column
centrifuged for 1 min and re-centrifuged to remove residual wash buffer. DNA was
eluted in either 50ul (plasmids) or 30ul (PCR products) Qiagen buffer EB into a clean

1.5ml Eppendorf tube by centrifugation for 1 min at 13000 rpm.

2.12 Transformation of competent bacteria with plasmid DNA

2.12.1 Antibiotic solutions

The following antibiotics were routinely used. Stock solutions were created as
described and used at the following concentrations in liquid and solid media.
Kanamycin stock solution was (10mg/ml) and used at 50ug/ml and Ampicillin stock
solution was (100mg/ml) and used at 100ug/ml. Antibiotic agar plates were generated
by adding the appropriate amount of stock antibiotic after partial cooling of the media,

and once set, plates were stored at 4°C.
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2.12.2 Routine cloning

20ul of chemically competent E.coli (DH5a, produced by D.Sutton using the
described method (Sambrook et al, 1989) were thawed on ice and 10% of each ligation
reaction added to the cells, gently swirled to mix and incubated on ice for 30 min.
Bacteria and DNA mixtures were heat shocked at 42°C for exactly 30 s and then placed
on ice for 5 min. 200l of pre-warmed SOC media (2% w/v tryptone, 0.5% w/v Yeast
extract, 10mM NacCl, 2.5mM KCIl, 10mM MgCl,, 20mM glucose) was added and cells
incubated at 37°C in an orbital shaker at 225rpm for 1 h. Bacteria were plated on agar
medium containing the appropriate antibiotic and incubated overnight at 37°C. Control
transformations lacking added DNA or insert were also performed in parallel where

appropriate.

2.12.3 Cloning following site-directed mutagenesis

XL10 Gold Ultracompetent cells (obtained from Agilent Technologies) were
thawed slowly on ice. 45ul of competent cells were placed in pre-chilled 14ml BD
Falcon polypropylene round bottom tubes. 2ul of B-mercaptoethanol was added and
the cells incubated on ice and swirled gently every 2 min for 10 min. 2ul of Dpnl-
treated DNA (see below) was added and incubated on ice for a further 30 min. The
cells were heat shocked at 42°C for 30 s and returned to ice for 2 min. 500ul of pre-
warmed NZY+ broth (Fisher BP2465 dissolved in water and autoclaved, supplemented
with 5mM MgS0O4 and 20mM glucose) was added and incubated at 37°C at 225rpm for
1 h. 200ul of the transformation was plated on the appropriate antibiotic agar medium

and incubated overnight at 37°C.
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2.13 Isolation of plasmid DNA from bacteria using the QlAquick spin Miniprep kit
DNA was purified using a kit from Qiagen according to the manufacturer’s
instructions. A single bacterial colony was transferred into 4ml of Luria-Bertani (LB)
(1% Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl) media containing 100ug/ml
ampicillin and incubated overnight at 37°C with shaking at 225rpm. 1.5ml of this
culture was transferred to an Eppendorf tube and centrifuged at 13000 rpm for 1 min.
The media was removed by aspiration and the process repeated to give a bacterial
pellet representative of 3ml of culture. The pellet was then resuspended in 250ul of
Qiagen buffer P1, 250ul of Qiagen buffer P2 was added and mixed by inversion until
the solution became viscous and slightly clear. Afterwards, 350ul of Qiagen buffer N3
was added and the sample inverted until the solution became cloudy. The sample was
centrifuged at 13000 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
13000 rpm, the flow-through was discarded and the column washed by adding 0.75ml
of Qiagen buffer PE and centrifuging at 13000 rpm for 1 min. The flow-through was
discarded and QlAprep column was returned to the collection tube and re-centrifuged
at 13000 rpm for 1 min to remove residual wash buffer. Finally, the column was
transferred to a clean 1.5ml Eppendorf tube and 50ul of Qiagen buffer EB added and
left to stand for 1 min prior to elution of the DNA by centrifugation at 13000 rpm for 1
min. DNA obtained by this method was used for transfection, molecular biology and

DNA sequencing. DNA was stored at -20°C.
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2.14 Isolation of plasmid DNA from bacteria using the Invitrogen HiPure Maxiprep
kit

DNA was purified using a kit from Invitrogen according to the manufacturer’s
instructions. A starter culture was established by inoculating a single bacterial colony
into 3ml of LB media containing 100ug/ml ampicillin at 37°C in an orbital shaker
rotating at 225rpm for 6 h. This starter culture was then transferred to 500ml LB media
containing 100ug/ml ampicillin and incubated at 37°C overnight in an orbital shaker
rotating at 225rpm. The culture was centrifuged at 4000 g for 10 min at 4°C using a
Beckman Avanti J-26XP (JLA 8.1 rotor) centrifuge and media discarded. A Maxicolumn
was equilibrated by adding 30ml Invitrogen buffer EQ1 and allowed to flow through.
The bacterial pellet was resuspended in 10ml of Invitrogen buffer R3 (containing RNase
A (20pg/ml) and further diluted with 10ml of Invitrogen lysis buffer L7, mixed and left
at room temperature for 5 min. DNA was precipitated by adding 10ml of Invitrogen
buffer N3 and sample transferred to the equilibrated Maxi column. Lysate filtered
through the column by gravity flow and was washed with 50ml Invitrogen buffer W8,
discarding the flow-through. A sterile 50ml centrifuge tube was used to collect eluted
DNA after adding 15ml elution buffer E4. 10.5ml isopropanol was added to the eluted
DNA and centrifuged at >12,000 g for 30 min at 4°C, discarding the supernatant. DNA
pellet was washed with 5ml 70% ethanol and centrifuged at 12,000 g for 5 min at 4°C.
Pellet was allowed to air dry before re-suspending in 500ul TE buffer. DNA was stored

at -20°C.

2.15 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 225rpm in 4ml LB medium with the required selective antibiotic.
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700ul of cell culture was mixed with 300ul of sterile 50% glycerol. Cells were then

stored at -80°C.

2.16 Site-directed mutagenesis

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

(Stratagene) was added to the reaction and mixed gently.

The cycling parameters were as follows.

Segment Cycles Temperature Time

1 1 95°C 1 min
95°C 50s

2 18 60°C 50s
68°C 1min/kb

3 1 68°C 7 min

Subsequently, the template plasmid was digested by adding 1ul 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 2.12.3 above.

2.17 DNA sequencing
All DNA sequencing reactions were performed by the Genetics Core Facility at

the University of Sheffield.
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2.18 Yeast methods

2.18.1 Yeast strains

The following Saccharomyces cerevisiae strains were used in this study

(courtesy of Professor Kathryn Ayscough), PJ69-4a (MATalpha trp1-901 leu2-3,112

ura3-52  his3-200 gal4(deleted) gal80(deleted) LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ) and PJ69-4a (MATa trpl-901 leu2-3,112 wura3-52 his3-200
gald(deleted) gal80(deleted) LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ). Cells were
maintained on YPD (1% yeast extract (BD 212750), 2% peptone (BD 211677), 2%
glucose) agar plates at room temperature. PJ69-4a cells were transformed with

pGBDU-C2 bait constructs and PJ69-4A cells with pGAD-C2 prey constructs.

2.18.2 Transformation with plasmid DNA

Yeast cultures were grown overnight in YPD to mid to late log phase (ODggo 0.5-
0.6) and 10ml of culture used per transformation. Cells were harvested by
centrifugation at 1000 rpom Beckman Alegra centrifuge (6H 3.8 rotor) for 5 min at 4°C
and washed 1x in 5ml TE (10 mM Tris-Cl, pH 7.4, 1 mM EDTA), re-centrifuged, and then
washed in 5ml 0.1M LiOAc in TE before re-isolation by centrifugation once more. The
cell pellet was resuspended in 0.1ml (0.1M) LiAOc to which was added 15pul of 10ug/ul
herring sperm DNA (Promega) and 1ug of plasmid DNA before gentle mixing. Cells
were then treated with 700ul 40% PEG4000 in 0.1M LiAOc in TE prior to incubation for
1 h with rotation at 225RPM at 25°C. Heat shock was performed at 42°C for 15 min.
Cells were centrifuged and resuspended in selective dropout (SD) media (0.675% w/v
yeast N, base w/o amino acids (BD 291940), 0.14% w/v quadruple dropout mix

(Formedium DSCK282), 2% glucose, tryptophan and histidine supplemented with
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URA media was

either uracil or Leucine to select for plasmid uptake (Formedium)). SDA
used for pGBDU-C2 constructs or SDA'™Y media for PGAD-C2 constructs. Transformants
were plated out on sDAY™ or sDAY agar plates for 48 h at 30°C. Single colonies were

picked and streaked out on the appropriate SD agar plates. Empty pGBDU-C2 and

pGAD-C2 vectors were transformed as negative controls.

2.18.3 Glycerol stocks of yeast cells

A single yeast colony was picked and grown overnight in SD media until
stationary phase. 500ul of culture was added to 500ul sterile 30% glycerol in a sterile

cryovial, mixed and stored at -80°C.

2.18.4 Yeast mating

Haploid 4a and 4a strains containing pGDBU-C2 or pGAD-C2 Upfl/p66/Pcnl
fusions were mixed together with 5ul of sterile H,O and left to mate for 5 h at 30°C on

URA A LEU
A

YPD agar plates. Crosses were then streaked out on SDA agar plates and

incubated at 30° until colonies were observed. Double transformants were selected by

URA A LEU
A

streaking of a single colony on fresh SDA agar plates. All combinations of bait

and prey strains were crossed.

2.18.5 Plasmid extraction from diploid yeast strains

To extract plasmids from diploid S.cerevisiae strains, a 5ml culture was grown
overnight and a 1ml sample centrifuged for 5min at 13000 rpm in an Eppendorf 5417R
(5417 C/R rotor) centrifuge. Supernatant was removed and cell pellet washed in 1ml TE
(10 mM Tris-Cl, pH 7.4, 1 mM EDTA), before cells spun as before and supernatant

discarded. Cell pellet was resuspended in 500ul Buffer S (10mM K,PO4 pH 7.2, 10mM
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EDTA pH 7.5, 50mM, 50mM B-mercaptoethanol, supplemented with 50ug/ml
Zymolase before use) and incubated for 30 min at 37°C. Then 100ul of lysis buffer
(25mM Tris-Cl pH 7.5, 25mM EDTA, 2.5% (w/v) SDS) added to sample, vortexed briefly
and then incubated for 30 min at 65°C. 166l of 3M potassium acetate was added and
samples incubated on ice for 10 min, centrifuged at 13000 rpm for 10 min at 4°C, and
supernatant transferred to a new Eppendorf tube. 800ul of ice cold ethanol was added
and sample incubated on ice for 10 min, then DNA pelleted by centrifugation for 10
min at 13000 rpm, and DNA washed in 70% ethanol. Samples were then spun down at
8000 rpm for 5 min, ethanol removed and pellet air dried and resuspended in ddH,0.

Plasmids were either stored at -20°C until use.

2.18.6 Preparing protein extracts from S.cerevisiae

To prepare protein extracts from diploid S.cerevisiae, a 10ml cell culture was
grown overnight and the following morning NaAzide added to a final concentration of
10mM and sample centrifuged at 4°C for 5 min at 4000 g in a Beckman Alegra
centrifuge (6H 3.8 rotor). Cell pellet was resuspended in Iml 10mM NaAzide and PMSF
added to a final concentration of 10mM, incubated on ice for 5 min and pelleted at
3000 rpm for 5 min. Supernatant was removed and the wet weight of the pellet
calculated. Cell pellet was then resuspended in 400ul Yeast Lysis Buffer (50mM Tris-Cl
pH 8.0, 150mM NaCl, 10% Glycerol, 20mM Na-pyrophosphate, 50mM Na-flouride,
60mM Na-B-glycerophosphate, 2mM Na-orthovanadate, 1x protease inhibitor (Roche),
10mM PMSF). 2mg of acid washed glass beads/mg pellet wet weight were added to
each sample and subjected 1 min vortexing at full power, followed by 1 min on ice,

repeated 5 times. Supernatant was then removed into a fresh eppendorf, centrifuged
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at 13000 rpm for 5min in an Eppendorf 5417R (5417 C/R rotor) centrifuge, and
supernatant retained as the soluble nuclear fraction. Lysates were used immediately or

stored at -20°C.

2.18.7 Miller assays

Miller assays were performed as described previously to determine pB-
galactosidase activity (Miller, 1972). Briefly, 5ml cultures were grown overnight in
SDAY*A'Y media at 30°C with rotation, before a sample of this culture was inoculated
in fresh media the following morning until an ODgy of 0.6-1 achieved and this value
recorded. 1ml of culture was centrifuged at 13000 rpm for 5 min and supernatant
discarded. Cells were resuspended in 1ml of Z-buffer (60mM Na,HPO,4.7H,0, 40mM
NaH,P0,4.H,0, 10mM KCL, 1mM MgS0,4.7H,0, 50mM B-mercaptoethanol, pH7). 100ul
chloroform and 60ul 0.1% SDS were added and cells vortexed at top speed for 10 s.
Samples were pre-incubated at 28°C for 5 min, then the reaction was started by
addition of 200ul of 4mg/ml ONPG (ortho-Nitrophenyl-B-galactoside) (Sigma N1127) in
Z-buffer. Reactions were stopped by addition of 500ul of 1M Na,COs; when samples
had developed a pale yellow colour and the assay time was recorded. Cell debris was
removed by centrifugation at 13000 rpm for 10 min and the 0D4y values (optical
density of the o-nitrophenol product) of each reaction measured. Enzymatic activity (B-

galactosidase units) was calculated as shown below.

1000 X 0D430

ODgqp of assayed culture x volume assayed (ml) x time (min)
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Where required, 200mM hydroxyurea or 0.1% Methyl methanesulfonate (MMS) was

added to liquid cultures for 3 h and Miller assay performed as described above.

2.18.8 Long term growth on Histidine-deficient plates

Diploid yeast strains were grown overnight at 30°C with rotation in SDAY*A"Y .

media. The following day cultures were diluted to 1x10’cells/ml and serially diluted
1/10 in PBS. 5ul of each dilution was spotted onto both SDAYRAAEUARE agar plates
lacking Histidine (for low stringency detection of positive interactions) and YPD agar
(loading control). 3-amino-1,2,4-triazole (3-AT) (Formedium) was added to additional
SDAYRAAYYAMS plates for intermediate (2mM 3-AT) and high stringency (6mM 3-AT)
assessment of positive interactions. Plates were incubated at 30°C for seven days

before imaging and analysis in Photoshop.

2.19 Tissue culture techniques

2.19.1 Hela cell culture

Hela cells were maintained in Dulbecco’s minimum essential media (DMEM)
(Sigma D5796) supplemented with 10% FBS (Sigma F7524) and 1X glutamine (Gibco

25030) at 37°C with 5% CO, unless stated otherwise.

2.19.2 FLP-IN cell lines

Stable cell lines were created using the FLP-IN T-REX core kit as per
manufacturer guidelines (Invitrogen) to integrate Flag-Upf1 structural and phosphosite
mutants into the T-Rex host Hela cell line. T-Rex stage Hela cells containing integrated

genomic FRT sites (a generous gift from Dr P. Eyers) were maintained in DMEM
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supplemented with 10% FBS, 1x glutamine, 4ug/ml Blasticidin and 50ug/ml Zeocin

(Invitrogen).

To generate FLP-IN stable cell lines, 100mm dishes were seeded with 1.6x10° T-
Rex Hela cells the day before transfection in media containing 4ug/ml blasticidin and
50ug/ml Zeocin. The following day, the plasmids PCDNA5/FRT/TO/CAT-Flag-Upf1™
and pOG44 were co-transfected in a 1:9 ratio using Polyfect reagent (see 2.19.4.1
Polyfect transfection). Transfected cells were maintained in DMEM supplemented with
10% FBS, glutamine and 4pg/ml blasticidin without Zeocin for 24 h and media then
replaced with fresh media containing 4ug/ml blasticidin without Zeocin for an
additional 24 h. 48 h after transfection, cells were trypsinised (2ml of 0.005%
Trypsin/EDTA) and transferred into T25 flasks at a range of densities (10-40% confluent
in media containing 4ug/ml blasticidin), incubated for 4 h to facilitate adherence to the
substrate. The medium was then replaced with DMEM supplemented with 10% FBS,
glutamine, 4pg/ml Blasticidin and 20ug/ml Hygromycin (Invitrogen). This media was
changed every 2-3days until isolated colonies of proliferating cells were observed, and
then these colonies expanded to produce stable cell lines. This process was repeated

for all Flag-Upfl mutants used in this study.

2.19.3 Doxycycline treatment of FLP-IN cells

™ in cell lines was induced through the addition of a

Expression of Flag-Upfl
100pg/ml Doxycycline/PBS stock to a final concentration of 0.1-1ug/ml in media for

the required length of time.

75



2.194 Mammalian cell transfection techniques
2.19.4.1 Polyfect transfection of plasmid DNA

The quantities below were used for transfections in 6-well plates or 3.5cm
dishes. The day before transfection, 2x10° cells were seeded in 2ml of DMEM
containing 10% FBS and 1% glutamine (complete DMEM). On the day of transfection
1.5pg of DNA was diluted into 100ul of serum-free DMEM (without FBS or glutamine).
12ul of Polyfect reagent was added to the DNA solution and mixed by pipetting. Cells
were washed in 2ml of PBS and 1.5ml of complete DMEM added to the cells. The
Polyfect/DNA mixture was incubated at room temperature for 10 min. 600ul of
complete DMEM was added to the Polyfect/DNA mix and the whole sample added to

the cells.

For 100mm dishes, 1.6x10° cells were seeded the day before transfection in 8ml
of complete DMEM. 6ug of DNA was dissolved in 300ul of serum-free DMEM and 50ul
of Polyfect was added and processed as described above. 7ml of complete DMEM was
then added to cells and 1ml complete DMEM added to the Polyfect/DNA mix before

adding to cells. Transfected cells were left to express for 24-96 h.

2.19.4.2 Oligofectamine transfection of siRNA

The quantities below were used for transfections in 6-well plates or 3.5cm
dishes. The day before transfection, 2x10° cells were seeded in 2ml of DMEM
containing 10% FBS and 1% glutamine (complete DMEM) free of antibiotics. 5ul of
Oligofectamine reagent (Invitrogen) was diluted with 25ul of serum-free DMEM and
incubated at room temperature for 10 min. 5ul of 20uM siRNA stock was diluted with

175ul serum-free DMEM to give a final concentration of 100nM siRNA. 30ul of diluted
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Oligofectamine was mixed with the diluted siRNA and incubated at room temperature
for 20 min. Cells were washed 1x with serum-free DMEM and 800ul fresh serum-free
DMEM added to cells. The siRNA/Oligofectamine was added to cells and incubated at
37°C for 4 h. After 4 h 500ul of 30% FBS/DMEM was added to cells and knockdowns
left for 24-96 h. A non-targeting siRNA (Thermo Scientific D-001810-01) was used as a

negative control.

2.19.5 Cryo-preservation of cells

Cell lines were pelleted at 1000 g for 5 min in a Biofuge Primo Heraeus bench
top centrifuge (Heraeus #7591 rotor) and resuspended in 10% DMSO and 90% FBS.
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.

2.20 Flow cytometry

Briefly, 2x10° FLP-IN cells were seeded into 6-well plates and transfected with
100nM siRNA and 1pg/ml doxycycline for 72 h. Cells were washed twice in PBS before
trypsin added and cells incubated at 37°C and monitored by light microscopy until cells
had detached. They were resuspended in 10ml IFA buffer (10mM HEPES pH7.4,
150mM NaCl, 4% serum, 0.1% sodium azide) and were centrifuged at 1000 rpm for 5
min at room temperature, supernatant removed and cells resuspended in residual
0.5ml of IFA buffer. 4.5ml of ice-cold 70% ethanol was added drop-wise while shaking
and cells incubated on ice for 30 min then centrifuged at 1000 rpm for 5 min at 4°C.
Supernatant was removed and cells resuspended in residual 70% ethanol, before 70%

ethanol was step was repeated and cells stored at -20°C in ethanol until required or
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immediately stained with propidium iodide (Pl) as described below. Fixed cells were
centrifuged at 1000 rpm for 5 min at 4°C before removing supernatant and washing in
10ml of ice-cold PBS. 1ml of PI stain (20ug/ml propidium iodide, 200ug/ml RNase A in
PBS) was added to cells and incubated at room temperature for 30 min. Samples were
analysed using a BDLSRII flow cytometer at the University Of Sheffield Medical School

and data analysis performed using FlowJo software.

2.21 Telomeric Fluorescent In situ Hybridisation (FISH)

Telomeric regions of Hela metaphase spreads were identified with a Cy3-
(C3TAA); PNA (protein-nucleic acid) telomeric C-probe (Panagene F1002-5) as
described previously (Azzalin et al., 2007). Briefly, 2x10° FLP-IN cells were seeded into
6-well plates and transfected with 100nM siRNA and 1upg/ml doxycycline for 72 h.
0.05pug/ml Colcemid (Sigma D1925) was then added for 4 h at 37°C. Media was
removed and cells washed gently in PBS before adding 1ml of trypsin and incubating at
37 °C until cells had detached. 6ml of 56mM KCI (pre-warmed to 37°C) was added, and
the cell suspension transferred to a Falcon tube prior to centrifugation at 1200 rpm for
3 min Beckman Alegra centrifuge (6H 3.8 rotor) and supernatant removed. The cell
pellet was resuspended carefully (to not disrupt cell membranes) in 10ml of 37°C
56mM KCl and incubated at 37°C for 5 min before centrifugation for 5 min at 1200rpm.
Supernatant was removed and cells resuspended in 1ml residual KCl to remove cell
clumps. Cells were fixed by slowly adding 1ml of methanol/acetic acid (3:1) while
gently agitating the tube followed by an additional 4ml of fixative. Fixed cells were
centrifuged at 1200 rpm, before the supernatant almost completely discarded, leaving

a small volume in the tube. Cells resuspended in this residual liquid before spreading
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onto ethanol-cleaned glass slides (Thermo Scientific BS7011/2) and then air dried for 1
h at room temperature. Slides were treated in 4% formaldehyde/PBS for 4 min at room
temperature followed by 2 x 5 min washes in PBS. Slides were treated with 100ug/ml
RNase in 2xSSC buffer (0.3M NacCl, 0.03M NaCitrate) for 1 h at 37°C before dehydration
though a 70%/85%/100% ethanol series and air-drying at room temperature. 15ul of
PNA telomeric probe solution (70% formamide, 0.5% blocking reagent (Roche), 10mM
TrisHCI pH7.2, 0.5ug/ml Cy3-(C3TAA)3 PNA probe) was added to a coverslip, placed on
the slides and sealed with rubber cement. Slides were then incubated at 80°C for 5 min
in a thermal cycler and incubated at room temperature overnight. The following day,
coverslips were removed and the slides washed 2x 15 min in 70% Formamide, 10mM
Tris-HCI pH7.2 and then 3x 5 min in 0.1 M Tris-HCIl, 0.15 M NaCl, 0.08% Tween-20
(pH7.5) at room temperature. DNA was stained with 100ng/ml DAPI in 2xSSC for 20
min and slides washed once in 0.1M Tris-HCI, 0.15 M NaCl, and 0.08% Tween-20

(pH7.5) for 5 min. 15ul of 2xSSC was added to slides and sealed with a coverslip.

Images stacks were acquired a Deltavision RT widefield system fitted with an
Olympus UPLSAPO 60x/1.35 objective. Image stacks were deconvolved and processed
using SoftWorX (Applied Precision, Issaquah, Washington). Telomere-free ends were
classified by eye using the Image J software and defined as a terminal DAPI signal

(blue) lacking a telomeric FISH signal (red).
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2.22 Protein techniques

2.22.1 Whole cell extract preparation

For preparation of whole cell extracts for analysis by Western blot, dishes or
flasks containing Hela cells were placed on ice, media was aspirated and cells washed
once with ice cold PBS. Cells were lysed by addition of IPLB (20mM Tris acetate pH7.5,
0.27M sucrose, 1ImM EGTA, 1mM EDTA, 1mM sodium orthovanadate, 10mM sodium
B-glycerophosphate, 5mM sodium pyrophosphate, 1% Triton X-100, 50mM sodium
fluoride, 0.1% B-mercaptoethanol, 0.2mM PMSF, 1X protease inhibitor cocktail(Roche),
1uM microcystin) and transferred to an Eppendorf tube. Lysates were then clarified
through 3x freeze-thaw cycles and centrifuged at 13000 rpm for 5min in an Eppendorf
5417R bench top centrifuge to pellet insoluble material. For large-scale lysate
preparations, cells resuspended in IPLB were passed 7x through a 25 gauge needle
instead of freeze-thaw cycles. The supernatant (soluble protein fraction) was
transferred to a new tube. Protein concentration was determined by Bradford assay

and lysates stored at -20°C.

2.22.2 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 800ul MiliQ H,O and 200ul Bradford reagent. The

absorbance was measured at ODsg5 and compared to known BSA standards.

2.22.3 SDS-polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis was carried out under denaturing

conditions using mini-gels (82mm x 102mm) according to the method of Laemlli
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(Laemmli, 1970). Prior to electrophoresis, protein samples were boiled for 5 min in 1x
SDS loading gel buffer (50mM Tris-Cl (pH6.8), 100mM DTT, 2% SDS, 10% glycerol,
0.01% (w/v) bromophenol blue). Polymerised gels were assembled into the Bio-Rad
Mini-PROTEAN Il apparatus, before the inner and outer reservoirs were filled with SDS
electrophoresis running buffer and current applied to run samples through the gel

under typical electrophoresis conditions (150V, 400mA, for 30-60min)

2.22.4 Immunoblotting

Immunoblotting was performed essentially as described (Burnette, 1981).
Immediately after electrophoresis, polyacrylamide gels were removed from their
retaining plates, and overlaid with nitrocellulose paper (Whatmann Protran). Protein
was transferred to nitrocellulose sandwiched between 4 sheets of Whatman paper at
100V, 400mA for 75 min using the Bio-Rad Mini-PROTEAN Il apparatus. After transfer
onto nitrocellulose, protein bands were visualised using Ponceau S stain (0.1%
Ponceau S in 5% acetic acid) by staining for 1 min before being washed away with
ddH,0. The nitrocellulose membrane was blocked for 1 h at room temperature using
TBS (Tris-CL pH7.5, 150mM NaCl) containing 5% Marvel milk powder. The
nitrocellulose was incubated with primary antibody diluted in either TBS containing 5%
Marvel milk powder or BSA depending on antibody requirement for 1 h at room
temperature or 4°C overnight. Membranes were then washed in TBS for 6 x 5 min. The
blots were then incubated with the secondary antibody again diluted in TBS/5% milk
for 1 h at room temperature. Nitrocellulose was washed 1 x 10 min and 5 x 5 min
using TBS before blots were incubated with ECL reagents according to manufacturer’s

instructions and chemiluminescence detected using x-ray film.
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2.22.5 Cellular fractionation

Actively growing Hela cells were untreated or S-phase enriched by exposure to
2mM hydroxyurea for 24 h before being washed, fresh media added and incubated for
a further 3 h at 37°C. Sub-cellular fractionation was performed as described previously
(Mendez and Stillman, 2000). Briefly, cells were trypsinised, resuspended in PBS and
counted to establish total cell number. After centrifugation at 1000 rpm for 5 min in a
Biofuge Primo Heraeus bench top centrifuge (Heraeus #7591 rotor), the cell pellet was
resuspended in an appropriate volume of Buffer A (10mM HEPES, 10mM KCI, 1.5mM
MgCl,, 0.34M sucrose, 10% glycerol, ImM DTT, 1x protease inhibitor cocktail (Roche),
0.1mM PMSF) to give a final cell concentration of 4x10%/ml. 0.1% TritonX-100 was
added and cells incubated on ice for 5 min. Samples were centrifuged at 13000 g for
4min and the supernatant (cytoplasmic components) removed and centrifuged at
20000 g to remove insoluble material and stored as the S2 fraction. The nuclear pellet
was washed in 2x the original volume of buffer A used by incubating on ice for 5min,
centrifuging as before then discarding the supernatant. The washed nuclear pellet was
resuspended in the same volume of Buffer B (3mM EDTA, 0.2mM EGTA, 1mM DTT, 1x
protease inhibitor cocktail (Roche) as in the initial Buffer A resuspension. Nuclei were
incubated on ice for 30min and centrifuged at 1700 g for 4min. The supernatant was
removed and retained as the soluble nuclear (S3) fraction. The pellet was washed in 2x
the original volume of buffer B by incubating on ice for 5min and centrifuging at 1700 g
for 5 min then discarding the supernatant. The insoluble material was retained as the
chromatin-associated fraction (P3). The P3 fraction volume was measured and mixed
with an equal volume of 5x SDS loading buffer (250mM Tris-HCI (pH6.8), 500mM DTT,

10% SDS, 50% glycerol, bromophenol blue). Samples were normalised to cell number
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prior to analysis by SDS-PAGE and a sample representative of an equal number of cells
loaded into each lane. The amount of chromatin bound Flag-Upfl in each experiment
was quantified using ImageJ and normalised to the amount of Flag-Upfl found in the

nuclear soluble fraction, assuming equal loading in each lane.

2.22.6 Nuclear extract preparation

100mm dishes of confluent Hela cells were trypsinised, resuspended in PBS
and counted to establish total cell number. Cell pellet was resuspended in an
appropriate volume of Buffer A (10mM HEPES, 10mM KCL, 1.5mM MgCl,, 0.34M
sucrose, 10% glycerol, 1mM DTT, 1x protease inhibitor cocktail (Roche), 0.1mM PMSF)
to give a final cell concentration of 4x10%/ml. 0.1% Triton-X-100 was added and cells
incubated on ice for 5 min. Samples were centrifuged at 1300 g for 4min and the
supernatant (cytoplasmic components) discarded. Pellet containing intact nuclei was
washed in 2x the original volume of buffer A used by incubating on ice for 5min before
centrifugation as before and supernatant discarded. The structural integrity of
prepared nuclei was determined by light microscopy and the nuclei pellet was

subjected to lysis in IPLB and processed as described for whole cell extracts.

2.22.7 Co-immunoprecipitation

For whole cell extract immunoprecipitations, cells were lysed in 150mM NacCl,
10mM Tris-HCL pH7.4, 2.5mM MgCl;, 0.5% NP-40, 0.2mM Na3VO,, 1x complete
protease inhibitor (Roche). 2mg of whole cell extract was incubated with 3.3ug of
specific antibody or 1gG of the same species for 16 h at 4°C with rotation. 50ul of 50%
(w/v) Protein G bead slurry in PBS was added and incubated for an additional 1 h at
4°C with rotation. Immunoprecipitated complexes were collect by centrifugation in a

83



micro-centrifuge at 1000 rpm for 3 min and washed 5x 5 min in 1ml lysis buffer. Beads
were collected and 50ul of sample buffer added before boiling for 5 min, re-

centrifugation as before to remove the beads, and the supernatant used for SDS-PAGE.

For nuclear extract immunoprecipitations, intact nuclei were lysed in IPLB plus
Triton (20mM Tris acetate pH7.5, 0.27M sucrose, 1mM EGTA, 1mM EDTA, 1mM
sodium orthovanadate, 10mM sodium B-glycerophosphate, 5mM sodium
pyrophosphate, 0.1% Triton X-100, 50mM sodium fluoride, 0.1% B-mercaptoethanol,
0.2mM PMSF, 1X protease inhibitor cocktail (Roche), 1uM microcystin). 0.25mg of
nuclear extract was incubated with 1ug of specific antibody or 1gG of the same species
for 1 h at 4°C with rotation. A 20ul aliquot of a 50% protein G bead slurry pre-washed
into IPLB was added to each sample and incubated for a further 1 h at 4°C. Complexes
were left unwashed or washed 3x 5 min in 1ml IPLB. Beads were collected and 20ul of
sample buffer added before boiling for 5 min re-centrifugation as before to remove the

beads, and the supernatant used for SDS-PAGE.
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2.23 RNA techniques

2.23.1 Phenol/chloroform RNA extraction

Cells were washed twice in ice-cold PBS before addition of 1ml of TRI reagent
(Sigma 93289). A cell scraper was used to collect cellular material then passed several
times through a 1ml pipette and vortexed thoroughly. Samples were incubated for 5
min at room temperature before centrifugation in a micro-centrifuge at 13000 rpm for
5 min. The supernatant was transferred to a fresh Eppendorf tube to which was added
0.2ml chloroform and samples vortexed for 20 s then centrifuged 12000 g Eppendorf
5417R (5417 C/R rotor) for 15 min at 4°C. The colourless upper aqueous phase was
taken to a clean Eppendorf tube and 0.5ml isopropanol added. The mixture was
incubated for 10 min at room temperature before centrifuging at 12000 g in an
Eppendorf 5417R (5417 C/R rotor) for 10 min at 4°C. The supernatant was removed
and the RNA pellet washed twice with 70% ethanol and centrifuged at 7400 g
Eppendorf 5417R (5417 C/R rotor) for 5 min at 4°C. The RNA pellet was air-dried and
dissolved in 15ul MilliQ H,O. RNA concentration was determined by absorbance
measurement at 260nm using a Nanodrop 1000 spectrophotometer and samples

stored at -20°C.

2.23.2 Nonsense mediated decay assay qPCR

The plasmids pmCMV-G1 Norm, pmCMV-G1 Ter and phCMV-MUP (a kind gift
from Dr Lynne E Maquat) were transiently transfected into cells using Polyfect 24 h
before RNA was harvested by phenol/chloroform extraction. 2ug of RNA extract was
converted to cDNA using the high capacity RNA-cDNA kit (Applied Biosciences) and

cDNA concentration measured using at 260nm using a Nanodrop spectrophotometer.
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cDNA samples were diluted to 100ng/ul and 1pl cDNA added to the gPCR mix (5ul
SYBR Green, 0.0125ul forward primer (100uM stock concentration), 0.0125ul reverse
primer (100uM stock concentration) and 3.98ul H,0) in a 96-well plate well, in
triplicate. Relative mRNA levels were determined by the standard curve method
(Larionov et al., 2005) and normalised to MUP mRNA levels in each sample. Protein

lysates were also prepared in parallel to assess knockdown and expression levels.

The gPCR cycling parameters are shown below.

Segment Cycles Temperature Time

1 1 95°C 3 min

2 39 95°C 30s
62°C 30s

2.24 Statistical analysis

Graphs were produced in Microsoft Excel and statistical analysis undertaken
using a two tailed T-test assuming unequal variance to compare the means between

different conditions in the NMD assays.
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Chapter 3 Yeast two-hybrid analysis of the interaction between human Upfl and
the p66 subunit of DNA polymerase &

3.1 Introduction

Studies investigating frameshift suppression in S.cerevisiae identified Up-
frameshift 1 (Upflp), a superfamily 1 RNA helicase required for NMD and
transcriptional regulation (Cui et al., 1995; Culbertson et al., 1980; He et al., 1993;
Leeds et al.,, 1992). Whilst Upflp null S.cerevisiae display no significant phenotype
(Leeds et al., 1991), knockdown of Upfl in human cells causes genomic instability and
Upfl null mouse embryos die at early developmental stages (Azzalin and Lingner,
2006b; Medghalchi et al., 2001). The underlying cause of this dependency in
mammalian cells is not yet known, however Upfl was demonstrated to co-purify with
the p66 subunit of DNA polymerase & (pold) in bovine thymus extracts and co-
immunoprecipitate both the p125 and p66 pold subunits in Hela cells (Azzalin and
Lingner, 2006b; Carastro et al., 2002; Li et al., 1992). The S-phase recruitment of Upfl
to chromatin and interaction with pol& in human cells suggest Upfl may have
functions as a replicative helicase for lagging strand DNA synthesis (Azzalin and
Lingner, 2006b; Carastro et al., 2002). Characterisation of the structural domains
through which Upfl associates with pol 6 should provide further insight into how this
interaction contributes to DNA replication, the maintenance of genomic stability and
ultimately, the contribution of Upfl-mediated mechanisms of genomic stability to both

organismal development and survival.

My aim in this section was the structural dissection of the interaction between
human Upfl and the p66 pold subunit using a yeast two-hybrid assay, and in particular

structural motifs in Upfl that might uniquely be required for this molecular interaction,
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an approach used previously to show human Upfl interactions with mRNA decay
proteins (Cho et al., 2009) and in dissection of the human p66-PCNA interaction
(Pohler et al., 2005). The objective was to use this information to generate cell lines
containing mutant Upfl, lacking this unique function, to establish its contribution to
checkpoint function and genomic stability, independently of its role in mRNA
surveillance.
3.2 Assessment of Upfl-p66 interaction through biochemical analysis of B-
galactosidase activity
Before | could investigate the Upfl domains required for interaction with p66, |
had to demonstrate this interaction could be recapitulated in the yeast two-hybrid

system.

| generated plasmid constructs expressing full-length human Upfl and p66
fusions either with the DNA binding (BD) or transcriptional activating (AD) domains of
the Gal4 transcription factor, as described in Materials and methods. An additional
construct expressing the S.pombe PCNA homologue Pcnl fused to the Gal4-AD was
also generated, as a positive control for detecting interaction with p66 (Pohler et al.,
2005). These constructs were transformed into S.cerevisiae strains and when
established, mated to generate diploid strains expressing both BD- (bait) and AD-
(prey) proteins fusions, as described in Materials and methods. The presence of both
constructs in diploid strains was demonstrated by extraction of plasmids from cells and
restriction digests used to confirm the presence of the relevant cDNA in each construct
(Figure 3.1). Expression of fusion proteins was confirmed by Western blot (Figure 3.2).

In the case of the AD-Upf1 fusion construct, the resultant protein was not recognised
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by Upfl antibodies, however a Gal4-AD specific antibody reacted with a species of the

correct molecular mass (Figure 3.2).

BD: p66 p66 Upf1 empty
AD: Pcn1 Upf1 p66 empty )
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Figure 3.1 Conformation of plasmids in diploid strains

Plasmids were extracted from diploid S.cerevisiae as described in Materials and
methods. They were then transformed into competent E.coli, before single colonies
isolated and grown into liquid cultures. Plasmids were then isolated from these,
digested with BamHI/Clal and separated by agarose gel electrophoresis to identify
the relevant original cDNA in each strain. Strains are indicated above and the
relative positions of expected fragments highlighted. Expected fragment sizes: AD =
pPGAD-C2 (6.7kb), BD = pGBDU-C2 (6kb), Upfl (3.4kb), p66 (1.4kb) and Pcnl (0.8kb).
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Figure 3.2 Fusion protein expression in diploid strains

Protein extracts were prepared from yeast cells as described in Materials and
methods. Samples were separated by SDS-page and analysed by Western blot
using specific antibodies against human Upfl, human p66 or yeast Gal4-AD. Above
each lane is indicated the combination of Gal4-DNA binding (BD) or Gal4-
Activation (AD) fusions with Upfl, p66 or Pcnl contained within each diploid
strain. BD=13kDa AD=20kDa.
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Interaction between Upfl and p66, in either bait and prey configuration,
should bring the two halves of the transcription factor into sufficiently close proximity
to induce transcription of the LacZ reporter gene. The product of this gene, the enzyme
B-galactosidase, was used to assess the extent of Upfl-p66 interaction, through
biochemical measurement of B-galactosidase enzymatic activity using a Miller assay
(Miller, 1972). Briefly, diploid S.cerevisiae strains containing AD- and BD- fusions were
grown overnight until an ODgy 0.6-1 was reached, then a sample of cells
permeabilised, prior to incubation with the B-galactosidase substrate ONPG (ortho-
nitrophenyl-B-galactoside). Reactions were stopped when a pale yellow colour
developed and the 0Dy of the reaction product in alkali (o-nitrophenolate) measured

and B-galactosidase activity units calculated, as described in Materials and methods.

Positive control cells expressing p66 bait and Pcnl prey fusions generated high
levels of B-galactosidase activity indicative of a successful interaction (Figure 3.3, lane
1). Only background levels of enzymatic activity were produced in cells expressing both
Upfl and p66 fusions in either orientation, ie as either bait or prey (Figure 3.3, lanes 3

and 4), demonstrating Upfl and p66 did not interact in this assay.
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Figure 3.3 Assessment of protein interaction in Miller assays

Bait proteins were expressed as Gal4 DNA binding (BD) fusions in the pGBDU-C2
plasmid and transformed to the PJ69-4Q yeast strain. Prey proteins were
expressed as Gal4 activation (AD) fusions and transformed into the PJ69-4a yeast
strain. Mating of bait and prey strains generated diploid cells which were
maintained on SD-Ura/Leu medium, to select for this presence of both plasmids.
Liquid cell cultures of double transformants were grown overnight then pB-
galactosidase enzymatic activity was assessed using Miller assays (see Materials
and methods). The binding of a PCNA homologue (S.pombe Pcnl) to human p66
provided a positive control and negative controls contained empty pGBDU-C2 and
pPGAD-C2 plasmids only. n=3 *p<0.05.

92



3.3 Exposure to DNA damage does not induce the interaction between Upfl and
p66 in S.cerevisiae

PIKK-dependent Upfl hyperphosphorylation and chromatin recruitment in
response to genomic stress suggested phosphorylation may regulate Upfl nuclear
interactions in mammalian cells (Azzalin and Lingner, 2006b; Denning et al., 2001;
Muller et al., 2007b; Yamashita et al., 2001). If Upfl is recruited to sites of DNA
damage through interaction with pold, then | hypothesised this may also occur in
response to replication stress. | therefore decided to expose cells to genomic stress in

an attempt to stimulate this interaction.

Diploid S.cerevisiae strains containing AD- and BD- fusions were grown
overnight, and the following morning cultures were incubated for an additional three
h in the presence of 200 mM hydroxyurea (HU) (Bachant et al., 2005), to induce
replication fork stall and 0.1% methyl-methane-sulfonate (MMS) (Harvey et al., 2005),
to cause double-strand DNA breaks. Miller assays were then repeated as described
previously. Exposure to HU or MMS did not generate an increase in B-galactosidase
activity in cells expressing Upfl and p66 fusions in either orientation (Figure 3.4),

suggesting this interaction was not stimulated by replication stress in this assay.
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Figure 3.4 Replication stress does not stimulate an interaction between Upfl and
p66

Liquid cell cultures of double transformants were grown overnight, and the
following morning incubated for three h with 200mM hydroxyurea or 0.1% MMS
before Miller assays were performed as described previously. n=1
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3.4 Analysis of the Upfl-p66 interaction using histidine dependency

Miller assays proved unsuccessful in demonstrating an interaction between
Upfl and p66, so | decided to investigate this interaction using an alternative yeast
two-hybrid method. A successful yeast two-hybrid interaction also brings about the
transcription of the GAL4-driven HIS3 gene. This results in the synthesis of Imidazole
glycerol-phosphate dehydratase, an enzyme essential for the synthesis of the amino
acid histidine, allowing for identification of cells facilitating histidine synthesis on
selective agar plates lacking this amino acid. This approach differs from the B-
galactosidase assay as it involves cell growth over several days and therefore weak or
transient interactions, that occur under relatively low stringency conditions, may be

detected by allowing cellular proliferation under these conditions.

Diploid S.cerevisiae strains containing AD- and BD- fusions were grown
overnight and serial dilutions of cells spotted out onto selective, histidine-lacking (-
HIS), “dropout” plates or YPD plates to ensure equal loading of cells, and incubated for
seven days. Duplicate samples were spotted onto plates containing 3-AT (3-Amino-
1,2,4-triazole), a competitor of histidine synthesis, to generate medium and high

stringency growth conditions to assess the strength of any interactions.

The positive control proliferated in low (Figure 3.5a) and high-stringency
conditions (Figure 3.5b) demonstrating a strong interaction between p66 and Pcnl.
Cells expressing Upfl and p66 fusions did not proliferate above background growth at
any level of stringency (Figure 3.5a-b) demonstrating no significant interaction

between Upfl and p66. | attempted to repeat this experiment while transiently
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exposing cells to DNA damage, in a manner analogous to that described in section 3.3,

but all cell growth was prevented under these conditions (data not shown).

Cumulatively, these data demonstrated the interaction between human Upfl
and p66 could not be recapitulated in the yeast two-hybrid assay under any of the

experimental conditions tested.
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Figure 3.5 Assessment of Upfl and p66 interaction using histidine dependency

Liquid cell cultures of double transformants were grown overnight before serial
dilutions of double transformants were plated onto agar plates and grown for
seven days at 30°C. a) YPD plates show loading of cells and -His plates highlight
low stringency positive interactions. b) -His plates containing 3AT (3-amino-
1,2,4-triazole), a competitive inhibitor of histidine synthesis, allow for medium
(2mM) and high (6mM) stringency assessment of positive interactions. Results
presented are representative of two independent experiments.
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3.5 Discussion

The mRNA surveillance roles of Upfl are well documented but emerging data in
mammalian cells has identified nuclear Upfl functions involved in the maintenance of
genomic stability (Azzalin and Lingner, 2006b). The interaction of Upfl with chromatin
has been proposed to occur through interaction with pold and utilise the helicase
activity of Upfl during DNA replication or repair (Azzalin and Lingner, 2006b; Carastro
et al., 2002). My initial aim in this section of work was to recapitulate the interaction
between Upfl and the p66 pold subunit in the yeast two-hybrid assay, but | was
unable to demonstrate an interaction between Upfl and p66 under any experimental
conditions. In contrast, positive control cells generated strong signals in all assays
(Figure 3.3, lane 1 and figure 3.5), demonstrating the absence of signal seen in Upfl
and p66 Gal4 fusion protein expressing cells was a genuine consequence of the
absence of interaction in this system. The absence of cross-reactivity of a Upfl
antibody, raised against a C-terminal Upfl epitope, with Gal4 AD-Upfl was surprising. |
cannot exclude the possibility that the Gal4 AD-Upf1 fusion protein expressed in yeast
lacked some elements of the C-terminus of full-length Upfl. An alternative explanation
is that, for unknown reasons, the relative expression levels of Gal4 BD- and AD-Upfl
fusions were vastly different, and the sensitivity offered by the Gal4-AD antibody

allowed the detection of low levels of this protein fusion.

The yeast two-hybrid system relies on the fusion of domains originating from
the GAL4 transcription factor to the N-terminus of proteins of interest. It is possible
with these kinds of binding studies that the addition of specific functional domains to

particular proteins of interest may prevent normal function of the latter. N-terminal
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domains of both Upfl and p66 have been now demonstrated to contain motifs
required for protein-protein interactions (Gong et al., 2009; Okada-Katsuhata et al.,
2012; Pohler et al., 2005) and the addition of these 10-20kDa GAL4 sequences to
create the relevant fusion proteins in vivo may have blocked protein-protein
interactions or disrupted essential structure in these regions. N-terminal MYC-tagged
hUpfl co-immunoprecipitated endogenous p66 in Hela cells (Carastro et al., 2002),
suggesting the addition of a small N-terminal tag to Upfl does not prevent this
interaction. However, it is conceivable that the addition of a significantly larger tag to

the N-terminus of Upf1, and/ or the addition of a tag to p66 prevented the interaction.

An alternative explanation for the two-hybrid results is that Upfl and p66 do
not physically interact directly in vivo. When polé was purified from bovine thymus
extracts, an unknown protein co-purifying with pold was initially referred to as ‘6-
helicase’, before being identified as the bovine homologue of Upfl (Li et al., 1992).
Upfl was then subsequently shown to specifically co-purify with the p66 pold subunit
in thymus extracts (Carastro et al., 2002) to almost complete homogeneity. Pold is a
multi-subunit enzyme (p125, p66, p50, p12) (Hubscher et al., 2002) and although Upfl
has been demonstrated to co-immunoprecipitate the p66 pold subunit in Hela cells
(Carastro et al., 2002), it also co-immunoprecipitated the p125 pold subunit (Azzalin
and Lingner, 2006b). These data demonstrated Upfl interaction with multiple polé
subunits, but did not demonstrate Upfl directly interacts with the p66 subunit. Upfl
may indirectly associate with p66 through interaction with alternate polé subunits, or

via an interaction domain generated by the interaction of multiple subunits, but this is
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yet to be tested. However, this could explain why | could not reproduce the interaction

between Upfl and p66 in a yeast two-hybrid assay.

Alternatively, as this interaction is predicted to occur exclusively during S-
phase, the stability between Upfl and p66 observed in bovine thymus (Carastro et al.,
2002) may be due to the function of this tissue in immunity. To appropriately ensure
telomere homeostasis during clonal expansion, immune cells, found in the thymus, are
highly regulated by TERRA. Upfl has been shown, presumably through interaction with
pold, to regulate TERRA-dependent telomeric DNA replication in S-phase (discussed in
Chapter 5). As a result, this interaction may be dependent upon S phase-specific
stimuli that target Upfl in vivo. Phosphorylation of Upfl has been demonstrated to
regulate the interactions and biochemical function of Upfl in NMD (Denning et al.,
2001; Kashima et al., 2006; Yamashita et al., 2001) and chromatin-bound Upfl was
demonstrated to be hyperphosphorylated on S/T-Q motifs (Azzalin and Lingner,
2006b). Upfl is also recruited to chromatin in response to genotoxic stress, and it is a
substrate for the PIKKs ATR and SMG1 in vitro (Azzalin and Lingner, 2006b; Yamashita
et al., 2001) and ATR and SMG1 regulate the phospho-status of Upfl in vivo (Azzalin
and Lingner, 2006b; Denning et al.,, 2001). These data suggest PIKK activity may
regulate Upfl functions when it is located on chromatin (Azzalin and Lingner, 2006b)

or associated with proteins involved with DNA metabolism, such as p66.

Exposure to compounds that generate genotoxic stress, with the aim of causing
hyperphosphorylation, or other uncharacterised post-translational modification of
Upfl or p66, failed to stimulate an interaction between Upfl and p66, suggesting

either that this interaction may not be dependent on genotoxic stress signalling, or
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that the heterologous nature of the system precluded the reconstitution in yeast of
the relevant molecular signalling pathways to generate interaction-competent

components.

It is not clear whether the signalling pathways specifically phosphorylating Upfl
in response to replication stress in human cells occur in S.cerevisiae. Although an ATR
homologue (Mecl) is present in this organism (Cha and Kleckner, 2002), no evidence
for Mecl-dependent phosphorylation of Upflp has yet been presented. SMG1
regulates the phosphorylation of Upfl during NMD (Yamashita et al., 2001) in
metazoan systems and it cannot be excluded that SMG1 is involved in the replication
stress-dependent recruitment of Upfl to chromatin in Hela cells (Azzalin and Lingner,
2006b). The absence of an SMG1 homologue (Yamashita et al., 2001) or nuclear Upflp
in S.cerevisiae (Atkin et al., 1995) suggests the specific signalling events required to
specifically target human Upfl to chromatin in the nucleus may be evolutionary

acquired mechanisms restricted to higher eukaryotes.

However, at the time this approach was utilised, | did not have access to
resources to carry out a full analysis of the post-translational state of either Upfl or
p66 after genotoxic stress treatment in yeast cells. Reduced cellular growth on
HU/MMS containing agar plates (data not shown) provided indirect, weak, evidence
suggesting replication checkpoint activation, but the identification of phospho-H2A1
and -H2A2, the S.cerevisiae H2AX homologues (Harvey et al., 2005; Wyatt et al., 2003)
and phospho-hUpfl using anti-phospho-S/T-Q antibodies, after HU/MMS exposure

would be required to confirm whether the DNA damage response had been induced
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under the experimental conditions used, and whether Upfl phosphorylation had been

induced.

In conclusion therefore, this experimental approach did not provide any
evidence for a direct interaction between Upfl and the p66 subunit of DNA
polymerase &. In the absence of any evidence that modifications of this approach
might bring about a positive signal in either of the versions of yeast two-hybrid
experimental approaches tested, it was decided that the yeast two-hybrid system was

unlikely to be suitable for further investigation of the role of Upfl in S-phase.
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Chapter 4 Generation of a stable Upfl expression system to identify Upfl motifs
required for the S-phase specific association with chromatin

4.1 Introduction

A key question is how Upfl, a protein involved in mRNA surveillance, is also
involved in the maintenance of genomic stability, a process fundamentally dependent
upon the structural integrity of DNA. The involvement of Upfl in TERRA-mediated
telomeric DNA replication, and histone mRNA decay, has been proposed to occur
through S-phase specific interactions of Upfl with both chromatin and components of
the DNA replication machinery (Azzalin et al., 2007; Chawla et al., 2011; Kaygun and
Marzluff, 2005a; Muller et al., 2007a, b). Incorporation into the multi-component
machinery operating at the replication fork, through interactions with DNA polymerase
6, and specifically the p66 pold subunit (Carastro et al., 2002) was proposed as a

mechanism of Upfl recruitment to chromatin (Azzalin and Lingner, 2006b).

In the previous chapter however, | was unable to find evidence for direct
interaction between Upfl and p66 using a yeast two-hybrid system, suggesting that
the association of Upfl with replication components, and chromatin in general, during
S-phase, may involve interactions between multiple components or involve inter-
dependent post-translational modifications. Purified Upfl binds DNA oligonucleotide
sequences directly in vitro ((Li et al., 1992), Dehghani and Sanders, unpublished) and
interacts with both chromatin and telomeric DNA sequences during S-phase in vivo
(Azzalin and Lingner, 2006b; Azzalin et al., 2007), but, despite the existence of crystal
structures of core helicase and CH domains of Upfl (Cheng et al., 2007; Kadlec et al.,
2006), the mechanism by which Upfl physically associates with chromatin in S-phase is

currently unknown (Azzalin and Lingner, 2006b; Azzalin et al.,, 2007). Blocking NMD
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function via siRNA-mediated knockdown of essential NMD components has no effect
on genome integrity (Azzalin and Lingner, 2006b), indicating that the role of Upfl in
the maintenance of genome stability must be independent of its NMD function. It is
not clear whether the association of Upfl with chromatin or replication fork machinery
plays any role in the co-ordination of DNA replication with histone mRNA stability.
Therefore it was important to establish whether domains required for mRNA
surveillance are functionally distinct from those involved in the chromatin-associated
roles of Upfl. The aim of this section of work therefore was to explore the interaction
of Upfl with chromatin in human cell lines and identify structural motifs within Upfl
required for S-phase recruitment to chromatin.
4.2 Transient transfection of Flag-Upfl in Hela cells fails to reproduce known

cellular functions

Initially, | transiently transfected a Flag-Upfl construct into Hela cells and
attempted to demonstrate known Upfl interactions, prior to analysis of chromatin
recruitment. | was unable to immunoprecipitate endogenous p66 with Flag-Upfl (data
not shown) and interaction with NMD proteins could not be demonstrated in mass
spectrometric analysis of immunoprecipitated Flag-Upfl (R.Beniston, data not shown).
Western blot analysis of cellular extracts after transient transfection demonstrated
Flag-Upf1l expression was significantly in excess of the endogenous protein (Figure 4.1)
and generated high background in co-immunoprecipitation experiments (data not
shown). Increasing the stringency of immunoprecipitation wash steps, to an extent
where this background was reduced, failed to demonstrate co-immunoprecipitation of
p66 (data not shown, see Chapter 5). These data suggested that the large excess of

Flag-Upfl generated by over-expression, while not increasing the frequency of
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relevant Upfl interactions in vivo, increased the sampling of non-relevant Upfl
molecules, and may therefore potentially have masked any weak or transient Upfl

interactions that may occur during normal cell metabolism.
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Figure 4.1 Flag-Upf1 expression after transient transfection in Hela cells

Hela cells were transfected with pCl-Neo-Flag-Upfl or pCl-Neo control plasmid.
24 h later lysates were prepared and analysed by western blot analysis using a-
Upfl or a-Flag antibodies. a-nucleolin is used as a loading control.
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4.3 Developing a FLP-IN stable cell line expression system to analyse Upfl cellular
function

Upfl has been shown to be predominately cytoplasmic (Fukuhara et al., 2005;
Jin et al., 2009), consistent with the cytoplasm being the site of decay for the majority
of NMD targets (Trcek et al., 2013). The chromatin recruitment of Upfl during S-phase
involves only a fraction of the total cellular protein however, and previous studies have
shown the amount of Upfl interacting with chromatin components reflects a very
small fraction of the Upfl available in the cell (Azzalin and Lingner, 2006b; Azzalin et
al., 2007), and therefore overexpression, observed using transient transfection (Figure

4.1), is likely to make analysis of this sub-population difficult.

Consequently, | proceeded to develop an expression system in Hela cells
which, through low-level, controlled, protein expression, would facilitate a molecular
analysis of how Upfl is recruited to chromatin. The FLP-IN cell system is capable of
generating stable Hela cell lines expressing a gene of interest under the control of an
inducible doxycycline dependent promoter (Figure 4.2). Benefits of this system
compared to transient transfection include: the ability to control, more accurately,
levels of gene expression via the titrated addition of doxycycline; avoidance of
liposomal transfection and associated cell death; the opportunity to integrate allelic
and mutant forms of the gene of interest into a single chromosomal site, combined
with rapid antibiotic selection for cells expressing the gene of interest, generating
true isogenic cell lines which ensures a homogenous population of expression
competent cells, thus removing transfection efficiency and variable genomic

integration sites, as experimental variables.
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Figure 4.2 The FLP-IN expression system

res

A single Flag-Upfl™ gene copy is recombined into a single genomic site in Hela
cells to generate FLP-IN stable cell lines as described in Materials and methods.
The tet repressor (tetR) binds to the promoter sequence and blocks transcription.
Addition of doxycycline to cells causes a conformational change in tetR structure,
causing it to be released from the promoter. This alleviates repression of the

res

promoter and allows transcription of Flag-Upf1™". Figure adapted from;

http://tools.lifetechnologies.com/content/sfs/manuals/flpintrex_man.pdf
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4.4 Upfl expression levels and siRNA resistance in the FLP-IN system

To determine doxycycline-induced expression levels in the FLP-IN system and
to optimise expression conditions, | initially generated a cell line capable of stably
expressing untagged Upfl. Because a longer term aim was to investigate the ability of
the ectopically expressed Upfl, and derived mutants, to rescue cells lacking
endogenous Upfl following siRNA-mediated knockdown, a cell line was constructed

res

using a form of the Upfl gene (referred to hereafter as Upfl™) containing two silent

mutations, designed to confer resistance to a specific Upfl siRNA.

res

Exposure to a range of doxycycline concentrations for 24-48 h revealed Upfl
expression to be broadly similar to endogenous levels (Fig 4.3), as evidenced by a
consistent small increase in total Upfl protein detected by anti-Upfl antibody.
Significantly, high levels of expression were not usually observed in this system, as
increasing the doxycycline levels above the recommended range did not dramatically

increase protein expression levels (data not shown).

24 h 48 h
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Figure 4.3 Doxycycline optimisation in the FLP-IN system

Upf1™ FLP-IN Hela cells were mock treated with PBS or 0.1-1ug/ml doxycycline
for 24 or 48 h. Lysates were prepared and total cellular Upfl levels determined by
western blot analysis with a-Upfl antibodies. a-actin was used as the loading
control.
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4.5 Ectopic expression of Upfl containing silent mutations is resistant to
knockdown of endogenous protein using siRNAs directed against wild-type
sequence

In parallel, a FLP-IN cell line containing a doxycycline-inducible, Flag-tagged
derivative of Upf1™ (Flag-Upf1™) was also constructed. This line was used to prove

res

that doxycycline treatment did indeed induce expression of ectopic Upfl ™, and to

res

establish whether expression of Upf1 ™ was stable following exposure of cells to siRNA

> Hela cells were transfected with non-

directed against wild-type Upfl. Flag-Upfl
targeting control or Upfl siRNA with or without doxycycline for 48 h and expression
levels determined by Western blot (Figure 4.4). Using this protocol, Upfl-specific
siRNA, but not non-targeting control siRNA, resulted in significant knockdown of
endogenous protein in this protocol (Figure 4.4, lane 3). The addition of doxycycline
resulted in the induction of modest levels of Flag-Upfl™ (Figure 4.4, lane 2).
Importantly, levels of Upfl protein were maintained at levels very close to those
observed in control cells, when siRNA-mediated knockdown was undertaken in the
presence of doxycycline, but not in its absence, demonstrating that the tagged version

of Upf1™ was indeed resistant to siRNA-induced knockdown of endogenous protein

(Figure 4.4, compare lanes 1 and 4).
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Figure 4.4 Flag-Upf1™° can restore Upf1l at physiological levels

Flag-Upf1"™ Hela cells were transfected with non-targeting control or Upfl siRNA,
with or without 1ug/ml doxycycline for 48 h, before expression levels determined
by western blotting with a-Upfl or a-Flag antibodies. a-actin was used as a
loading control.
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4.6 Identification of a region in Upfl required for chromatin association

4.6.1 Introduction

The role of Upfl in DNA replication is predicated on the notion that Upfl is
specifically targeted to bind chromatin as cells replicate their genome. Specific motifs
must therefore exist, to target a fraction of Upfl to appropriate chromatin sites.
Having established an in vivo expression system in Hela cells, my aim was to use this to
identify motifs within Upfl essential for the S-phase specific recruitment to chromatin

and investigate the consequences when those motifs were absent.

4.6.2 Analysis of the subcellular distribution of FlagUpf1™ in Hela cells

Previously, it has been shown that a small fraction of total cellular Upfl may be
found on chromatin during S-phase (Azzalin and Lingner, 2006). To establish whether
Flag-tagged-Upfl recapitulated the observed behaviour of endogenous Upfl, extracts

from asynchronous or S-phase enriched Flag-Upf1™®

expressing cells were prepared
and fractionated into cytoplasmic, nuclear-soluble, and chromatin-enriched fractions
as described in Materials and methods and based on the protocol described in Mendez
and Stillman, 2000. Flag-Upf1™* was found to be distributed between the cytoplasm,
the nuclear soluble fraction and a very small chromatin-bound fraction in
asynchronous cells (Fig 4.5). A 2.6-fold increase in levels of chromatin-associated Flag-
Upfl™ in S-phase enriched cells (Figure 4.5 compare lanes 3 and 6, higher exposure),

®*is behaving in a manner akin to the endogenous protein

confirms that Flag-Upfl
(Azzalin and Lingner, 2006b), and indicates that the addition of an N-terminal Flag tag

does not disrupt the association of Upfl with chromatin.

110



Asynchronous S-phase

C NS CHR C NS CHR

a-Flag

a- Flag (Higher exposure)

a- p66

e ——y H a- Alpha Tubulin

CHR/NS ratio: 1 2.6

Lane: 4 2 3 4 5 6

res -

Figure 4.5 Chromatin association of Flag-Upfl ™~ increases during S-phase

Flag-Upf1™ FLP-IN Hela cells were exposed to 0.5ug/ml doxycycline for 48 h
(asynchronous) or S-phase enriched. S-phase enrichment was performed by 24 h
exposure to 0.5ug/ml doxycycline, then 2mM hydroxyurea (HU) added for an
additional 24 h, to arrest cells in S-phase or at the G1/S transition. HU was
washed out and cells released into S-phase for 3 h. Cells were then biochemically
fractionated into cytoplasmic (C), nuclear soluble (NS) or chromatin enriched
(CHR) fractions as described in Materials and methods. Samples representative of
equal numbers of cells were separated by SDS-page and analysed by Western
blotting with a-Flag antibodies. The purity of each fraction was determined with
antibodies against alpha tubulin (cytoplasmic protein) or p66 (chromatin
associated during S-phase). Movement of the pold p66 subunit from cytoplasmic
to nuclear fractions was used to indicate S-phase. Representative of 3
independent experiments. The multiple bands detected in Flag blots most likely
represent a degree of proteolysis occurring during the fractionation protocol.
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4.6.3 Upfl amino acids 1-91 are essential for the recruitment to chromatin

res

Having demonstrated that Flag-Up1 ™ is recruited to chromatin in an S-phase
dependent manner, | wanted to identify Upfl structural domains essential for this
interaction and the regulation of genome stability. The N-terminal 270 amino acids of
Upfl have been shown to bind SMG6, Upf2 and Staufen 1 proteins (Clerici et al., 2009;
Gong et al., 2009; Okada-Katsuhata et al., 2012) for their respective RNA surveillance
functions. Upf2, which has been shown to be dispensable for genomic stability (Azzalin
and Lingner, 2006) associates with the CH domain of Upfl, corresponding
approximately to amino acid residues (115-272). While by no means conclusive, this
suggested that the CH domain might not be directly involved in chromatin association

and genomic stability, but does not provide insight into any putative role of the

extreme N-terminus.

In a first step, to investigate whether the association with chromatin occurs

through N-terminal interactions independently of the CH domain, and thus Upf2, |

resA1-91

generated a mutant lacking amino acids 1-91 (Flag-Upfl ). This deletion removes

res

the N-terminus, but retains the CH domain, and indeed both Flag-Upfl ™ and Flag-

Upf1™%1 could be co-immunoprecipitated by Upf2 (Figure 4.6).
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Figure 4.6 Flag-Upf1™ and Flag-Upf1™**®*! co-immunoprecipitate with Upf2

a) Flag-Upf1"™® FLP-IN cells were exposed to 0.1pg/ml doxycycline for 48 h and
whole cell extracts prepared as described in Materials and methods. Samples
were immunoprecipitated overnight with Upf2 antibodies or a rabbit
immunoglobulin control. The following day protein G sepharose beads were
added, samples washed three times and eluted complexes analysed by SDS-page
and western blotted with a-Upf2 or a-Flag antibodies. Inputs are representative
of 5% and 1% total protein in each immunoprecipitation. b) Flag-Upf1™***°! FLp-
IN Hela cells under the same conditions as in (a). Flag signal observed in IgG lanes
represents low level cross reactivity of Flag-Upfl to the 1gG/Protein G sepharose
used in immunoprecipitations.
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The subcellular distribution of this mutant was analysed by biochemical

fractionation as before. Flag-Upf1™****!

was found to localise both in the cytoplasmic
and soluble nuclear fractions. Unlike the full-length protein, the ratio of cytoplasmic to
nuclear protein was altered, with proportionately more protein present in the soluble

resA1-91 COU|d be

nuclear fraction (Figure 4.7). Importantly, however, no Flag-Upfl
detected in the chromatin-enriched fraction, either in asynchronous or S-phase cells
(Figure 4.7). These results, together with those shown in Figure 4.6, demonstrate that

the association of Upfl with chromatin is dependent on the presence of the N-terminal

91 amino acids of Upf1, and that this is not mediated through interactions with Upf2.

Asynchronous S-phase
C NS CHR C NS CHR
| — T — a-Flag

| a- Flag (Higher exposure)

a- p66

a- Alpha Tubulin

CHR/NS ratio: ND ND

Figure 4.7 No interaction of Upfl with chromatin was detected in the absence of
residues 1-91

Flag-Upf1™**** FLP-IN Hela cells were exposed to 0.5ug/ml doxycycline for 48 h
(asynchronous) or S-phase enriched as described previously. Cells were then
biochemically fractionated as described previously and samples representative of
equal numbers of cells were separated by SDS-page and analysed by Western
blotting with a-Flag antibodies. The purity of each fraction was determined with
antibodies against alpha tubulin (cytoplasmic protein) or p66 (chromatin
associated during S-phase). Movement of the pol6 p66 subunit from cytoplasmic
to nuclear fractions was used to indicate S-phase. Representative of 2
independent experiments. ND = No detectable Flag-Upfl observed in chromatin

fraction. 114



4.6.4 Alanine substitution analysis of PIKK consensus sites within the N-terminus

of Upfl

The results above indicate that the N-terminal region comprising residues 1-91
contains some element which is important for chromatin association. Lingner and
colleagues previously showed that knockdown of the classical checkpoint PIKK, ATR,
resulted in a decreased level of chromatin-associated Upfl (Azzalin and Lingner,
2006b). PIKKs are known to target S/TQ motifs, and so | chose to generate a series of

phospho-mutants targeting these motifs within the first 91 residues of the protein.

The N-terminal 91 residues of Upfl contain 4 S/TQ motifs (510, T28, S42, T44)
(Figure 4.8). Using site-directed mutagenesis of the relevant Upfl-containing plasmid,

'®s cell lines, each

and subsequent cloning, | generated a series of HelLa FLP-IN Flag-Upf1
of which lacked one of the N-terminal S/TQ motifs, in which the serine or threonine at
each motif was replaced by alanine, to prevent the addition of a phosphate group at

this position in vivo. This strategy generated three of the four potential mutants, as

technical difficulties during cloning precluded the generation of T44A.
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discussion). In contrast, strikingly, alanine substitution of serine 42 (Flag-Upfl

H. sapiens

M. musculus

D. rerio

D. melanogaster
C. elegans

S. cerevisiae

H. sapiens
M. musculus
D. rerio

C. elegans

S. cerevisiae

H. sapiens
M. musculus
D. rerio

C. elegans

s. cerevisice 26 QLIS TL VlDDDVDN BER - =& >

Figure 4.8 N-terminal conservation of Upfl homologues

ClustalWw2 multiple sequence alignment of the N-terminal ~100 amino acids of
Upfl homologues. Coloured blocks indicate conserved residues and the S/T-Q
motifs at S10, T28, S42 and T44 are indicated. The proline/glycine rich domain
(PRD) (residues 47-67) is also highlighted.

No defects in chromatin recruitment were observed when either serine 10

(Figure 4.9) or threonine 28 (Figure 4.10) was mutated, suggesting these motifs are not
required for the association of Upfl with chromatin. However, an S-phase specific
increase in chromatin association of Upfl was not observed when threonine 28 was

mutated to alanine (Figure 4.10), despite this mutant still binding chromatin (see

resS42A)

resulted in the absence of detectable chromatin association in both asynchronous and

S-phase cells (Figure 4.11), demonstrating that the presence of a serine at amino acid

position 42 is essential for the recruitment of Upfl to chromatin.
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Figure 4.9 Mutation of Upfl S10 does not affect chromatin recruitment

Flag-Upf1™**'°* FLP-IN Hela cells were exposed to 0.5ug/ml doxycycline for 48 h

(asynchronous) or S-phase enriched as described previously. Cells were then

biochemically fractionated as described previously and samples representative of

equal numbers of cells were separated by SDS-page and analysed by Western

blotting with a-Flag antibodies. The purity of each fraction was determined with

antibodies against alpha tubulin (cytoplasmic protein) or ORC2 (chromatin bound

protein). Movement of the pold p66 subunit and PCNA from cytoplasmic to

nuclear fractions was used to indicate S-phase. Representative of 2 independent

experiments.
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Figure 4.10 Mutation of Upfl T28 reduces, but does not prevent the interaction of
Upfl with chromatin

Flag-Upf1™®* FLP-IN Hela cells were exposed to 0.5pug/ml doxycycline for 48 h
(asynchronous) or S-phase enriched as described previously. Cells were then
biochemically fractionated as described previously and samples representative of
equal numbers of cells were separated by SDS-page and analysed by Western
blotting with a-Flag antibodies. The purity of each fraction was determined with
antibodies against alpha tubulin (cytoplasmic protein) or ORC2 (chromatin bound
protein). Movement of the pold p66 subunit and PCNA from cytoplasmic to
nuclear fractions was used to indicate S-phase. Representative of one experiment.
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Figure 4.11 No interaction of Upfl with chromatin was detected when S42 was
mutated to alanine

Flag-Upf1™**** FLP-IN Hela cells were exposed to 0.5pg/ml doxycycline for 48 h
(asynchronous) or S-phase enriched as described previously. Cells were then
biochemically fractionated as described previously and samples representative of
equal numbers of cells were separated by SDS-page and analysed by Western
blotting with a-Flag antibodies. The purity of each fraction was determined with
antibodies against alpha tubulin (cytoplasmic protein) or ORC2 (chromatin bound
protein). Movement of the pold p66 subunit from cytoplasmic to nuclear fractions
was used to indicate S-phase. Representative of 3 independent experiments. ND =
No detectable Flag-Upfl observed in chromatin fraction.
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4.6.5 Role of phosphorylation at serine 42 in the recruitment of Upfl to

chromatin

In order to investigate a potential role for phosphorylation of serine 42 in
chromatin recruitment of Upfl, a series of fragments corresponding to discrete
domains of the protein were expressed as GST fusion proteins and purified from E.coli
(this work was carried out by Dr. R Beniston) for use as in vitro substrates in PIKK
protein kinase assays using an approach described by Ohno and colleagues (Yamashita
et al., 2001). Because PIKKS have overlapping motif specificity (particularly in vitro), the
individual fragments were tested as substrates using the PIKK, DNA-PK. Fragments
were incubated with protein kinase in the presence of either unlabelled or y**P-ATP
and analysed by autoradiography or mass spectrometry. Peptides originating from an
N-terminal Upfl fragment covering residues 1-101 were identified by mass

spectrometry as containing a phospho-motif at S42 (Figure 4.12).
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Figure 4.12 Upfl S42 can be phosphorylated by DNA-PK in vitro

a) An N-terminal Upfl-GST fragment containing residues 1-101 was purified from
E.coli before GST tag cleavage and incubation with DNA-PK in the presence of y**P-
ATP. b) Autorad and collodial commassie gel of kinase reactions. Arrows indicate
the 1-101 amino acid Upfl fragment excised from the gel. c¢) Reactions were
digested with Asp-N protease and resultant peptides analysed using a Brukker
Maxxis UHR-TOF mass spectrometer. The Upfl peptide fragment and identified
phospho-motif is indicated. This work was performed by Dr R.Beniston.

On the basis of this data, | undertook an initial investigation into the possibility
that phosphorylation of serine 42 was necessary for chromatin recruitment of Upfl.
Site-directed mutagenesis of the relevant plasmid was undertaken to substitute a
phospho-mimetic amino acid (S42E) at this site, and using the FLP-IN system, an

resS42E

additional cell line generated (Flag-Upfl ). Although time limitation precluded a
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comprehensive analysis of the sub-cellular location of this mutant, an initial study
utilising biochemical fractionation as above, indicated that this mutation resulted in
significant levels of chromatin associated Upfl (Figure 4.13). S-phase specific
chromatin recruitment was enhanced with this mutation (3.8-fold) when compared to
wild-type Upfl (2.6-fold — figure 4.5), suggesting that phosphorylation of Upfl at

serine 42 may be relevant for this function.

Asynchronous S-phase
C NS CHR C NS CHR

e | | m— o

— — —— . | 0 D66

. a— ——— o a- PCNA

W A ...,* : “- e ""'ﬂ? a- ORC2

S ’” a- Alpha Tubulin
CHR/NS ratio: 1 3.8

Figure 4.13 Phospho-mimetic substitution of S42 increases Upfl chromatin
recruitment

Flag-Upf1™5**?® FLP-IN Hela cells were exposed to 0.5pg/ml doxycycline for 48 h
(asynchronous) or S-phase enriched as described previously. Cells were then
biochemically fractionated as described previously and samples representative of
equal numbers of cells were separated by SDS-page and analysed by Western
blotting with a-Flag antibodies. The purity of each fraction was determined with
antibodies against alpha tubulin (cytoplasmic protein) or ORC2 (chromatin bound
protein). Movement of the pold p66 subunit and PCNA from cytoplasmic to
nuclear fractions was used to indicate S-phase. The ORC2 and Alpha-tubulin
panels are from the same Western blot and exposure conditions. Representative
of 2 independent experiments.
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4.7 The recruitment of Upfl to chromatin is independent of the canonical NMD
pathway

4.7.1 Mutation of sites involved in canonical NMD does not affect the

recruitment of Upfl to chromatin

In the previous section, | identified S42 as an essential amino acid required for
chromatin association. Consequently, | wished to investigate more generally whether
motifs or domains within Upfl required for its recruitment to chromatin may be

distinct from those required for its molecular interactions in its NMD role.

Specifically, | wanted to investigate whether the specific phosphorylation
events required for canonical NMD are involved in the recruitment of Upfl to
chromatin. When this programme of work was initiated, a number of C-terminal
phosphorylation sites had been implicated in regulation of Upfl function in NMD. In
vitro studies, using PIKK motif-containing 14mer peptides derived from Upfl, showed
that three sites (51078, S1096, S1116) were efficiently phosphorylated by the PIKK
Smgl (Yamashita et al.,, 2001). Ohno and colleagues developed a phospho-specific
antibody against $1078, which cross-reacted with wild-type Upfl extracted from cells,
but not a mutant form lacking both $1078 and $S1096 (Ohnishi et al., 2003). These data
were interpreted to suggest that either or both S1078 and S1096 are phosphorylated
during NMD in vivo (Ohnishi et al., 2003). In a separate study, mass spectrometric
analysis of Upfl from Hela cells showed that both S1096 and S1116 were
phosphorylated in vivo (R. Beniston and C. Smythe , unpublished), suggesting that the
relevant site detected by the phospho-specific antibody was $S1096. As the molecular
cloning work to generate non-phosphorylatable mutants was underway, Okada-

Katsuhata et al.,, 2012, showed that in addition to SMG1-mediated C-terminal
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phosphorylation, phosphorylation at T28 could be detected with a phospho-site-
specific antibody (Okada-Katsuhata et al., 2012), and that alanine substitution at this
site resulted in reduced NMD efficiency. | therefore decided to generate the triply
mutated form FLAG-Upf1sT28A/SI096A/SILIBA (rofarrad to as Flag-Upf1™**), which would

be predicted to be non-functional in the NMD pathway.

This mutant was used to generate another Hela cell line using the FLP-IN
system as before, and the cell line utilised to analyse the ability of this mutant to be
recruited to chromatin. The subcellular distribution of this mutant was analysed by
biochemical fractionation as before. In contrast to the result obtained with the S42

resAM was found to be associated with chromatin in asynchronous or

mutant, Flag-Upfl
S-phase enriched conditions (Figure 4.14), indicating that the recruitment of Upfl to

chromatin can occur independently of motifs that are essential for NMD.

124



Asynchronous S-phase

C NS CHR C NS CHR

p,, - - — az s a- Flag

A . el I —| - p66
-

)‘. a- Alpha Tubulin

CHR/NS ratio: 1 3.1

Figure 4.14 Mutation of Upfl motifs required for canonical NMD does not affect
chromatin recruitment

Flag-Upf1™**** FLP-IN Hela cells were exposed to 0.5ug/ml doxycycline for 48 h
(asynchronous) or S-phase enriched as described previously. Cells were then
biochemically fractionated as described previously and samples representative of
equal numbers of cells were separated by SDS-page and analysed by Western
blotting with a-Flag antibodies. The purity of each fraction was determined with
antibodies against alpha tubulin (cytoplasmic protein) and the movement of the polé
p66 subunit from cytoplasmic to nuclear fractions was used to indicate S-phase.
Representative of 1 experiment
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4.7.2 Mutation of a site involved in the recruitment of Upfl to chromatin does

not affect canonical NMD

Evidence presented in this study has suggested the recruitment of Upfl to
chromatin is independent of motifs, which when phosphorylated, are essential for
NMD. It was important therefore, to address the reciprocal question, as to whether
S42, a site essential for chromatin recruitment, is involved in the decay of PTC

containing mRNA transcripts.

The role of Upfl as an essential NMD component has been well established in
S.cerevisiae and C.elegans (He et al., 1993; Pulak and Anderson, 1993) and depletion of
Upfl has been shown to inhibit NMD in human cells (Gehring et al., 2003). However,
several Upfl-like helicases (Ighmbp2 and Senataxin) have recently been described and
recent studies have demonstrated a variety of novel mechanisms, involving newly
identified components, by which NMD may be effected (Brazao et al., 2012; Geissler et
al., 2013; Lim et al.,, 2012). Knockdown of one novel component, regulator of
differentiation 1 (Rod1), generates almost complete inhibition of NMD, comparable to
knockdown of Upf2. Upfl knockdown however, was shown to cause only partial
inhibition of the decay of a PTC containing mRNA reporter in this study (Brazao et al.,

2012), suggesting Upfl may be partially dispensable for mammalian NMD.

4.7.2.1 Establishing the requirement for Upfl in mammalian NMD

Prior to the functional analysis of S42 in NMD, based on the evidence
presented above, | wished to establish the relative contribution of endogenous Upfl to

NMD in human cells.
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Hela cells were transfected with non-targeting control or Upfl siRNA for 24 h,
and then transiently transfected, simultaneously, with a plasmid containing a MUP
gene, used to control RNA levels in subsequent analyses, and either a plasmid
construct containing a wild-type B-globin gene (WT) or a variant containing a
premature termination codon at residue 39 (NS39) (Figure 4.15a). Knockdown of Upf2,
as a control for NMD inhibition, was attempted but was not successful. 24h after
plasmid transfection, protein and RNA extracts were prepared from cells, and Upfl
knockdown confirmed by Western blot (Figure 4.15b) and relative B-globin mRNA
levels determined by gPCR (Figure 4.15c). Using this protocol, relative levels of NS39 -
globin mRNA levels were significantly higher in Upfl knockdown cells than those
transfected with control siRNA. This data suggests that Upfl is involved in NMD in
Hela cells, but the presence of Upfl is not an absolute requirement, as significant
depletion of endogenous Upfl does not fully prevent the decay of PTC containing

MRNA.
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Figure 4.15 Upfl knockdown causes a partial inhibition of NMD

a) The B-globin constructs used in this assay; either wt B-globin sequence (wt) or
a PTC-containing variant (NS39). Hela cells were transfected with non-targeting
(NT) or Upfl siRNA for 48 h before transfection with either wt or NS39 B-globin
reporter constructs in (a) and a MUP control plasmid. RNA and protein extracts
were prepared after an additional 24 h. b) Upfl knockdown was assessed by
western blotting with a-Upfl antibodies or a-actin as a loading control. c) Relative
B-globin mRNA levels were quantified by gPCR using the standard curve method
and normalised to the MUP transfection control. n =3 *p<0.05
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4.7.2.2 Analysis of phosphosite requirement for functional NMD

Taking into account the modest inhibition observed in the absence of
endogenous Upfl, | then investigated whether S42, a site involved in chromatin

recruitment, is involved in the decay of PTC containing mRNAs.

FLP-IN Flag-Upf1"™, Flag-Upf1"***** and Flag-Upf1™**** Hela cell lines were
transfected with non-targeting control or Upfl-specific siRNA for 24 h in the presence
or absence of doxycycline. Cells were then transfected with B-globin/MUP plasmids as
described previously (see 4.7.2.1) and RNA and protein extracts prepared. Knockdown

res

of endogenous Upfl and expression of Flag-Upf1 ™~ mutants was confirmed by Western
blot (Figure 4.16a) and relative B-globin mRNA levels determined by gqPCR (Figure
4.16b). Upfl knockdown again generated a modest increase in the levels of NS39 -

res

globin mRNA and expression of Flag-Upfl ™ partially rescued this defect. Expression of
Flag-Upf1™**** predicted to be non-functional in NMD, did not rescue NMD in the
absence of endogenous Upfl when compared to cells transfected with a control siRNA
(p=0.002). Interestingly, Flag-Upf1"**** a Upfl mutant unable to bind chromatin,
rescued the ability of the cell to perform NMD (p=0.516), indicating a motif required

for the S-phase specific recruitment of Upfl to chromatin is not functionally required

for NMD.
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Figure 4.16 S42 is not required for the function of Upfl in NMD

Flag-Upf1"™, Flag-Upf1"**** or Flag-Upf1™°S42A FLP-IN Hela cells were transfected
with non-targeting (NT) or Upfl siRNA with or without doxycycline for 48 h before
transfection with either wt or NS39 B-globin reporter constructs and a MUP control
plasmid. RNA and protein extracts were prepared after an additional 24 h. a) Upfl
knockdown was assessed by western blotting with a-Upfl or a-Flag antibodies. a-
tubulin was used as a loading control. All panels are from the same western blot
under the same exposure conditions.. b) Relative B-globin mRNA levels were
qguantified by gPCR using the standard curve method and normalised to the MUP

transfection control. n =4 *p<0.05 **p<0.01
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4.8 Discussion

Upfl is essential for genomic stability in human cells and is recruited to
chromatin during S-phase and in response to replication stress (Azzalin and Lingner,
2006b), proposing a role for Upfl in DNA replication or repair. This recruitment to
chromatin has been suggested to occur through interaction with DNA polymerase &
(Azzalin and Lingner, 2006b; Carastro et al., 2002), however | was unable to find
evidence for a direct interaction between Upfl and the p66 pold subunit using the
yeast two-hybrid system (Chapter 3). Upfl chromatin recruitment may involve
interactions with both DNA and/or chromatin bound proteins, therefore my aim in this
section was to identify Upfl structural motifs required for the S-phase recruitment to

chromatin.

4.8.1 Generating an isogenic stable cell line expression system in Hela cells

Early attempts to study the behaviour of transiently overexpressed Flag-Upfl
proved unsuccessful, and were attributed to Flag-Upfl expression being in significant
excess of endogenous Upfl. The population of Upfl recruited to chromatin during S-
phase represents a small fraction of the total protein within the cell (Azzalin and
Lingner, 2006b), and therefore greatly increasing the levels of Upfl might not
necessarily increase the proportion of Upfl engaged in this interaction. The excess of
Flag-Upfl, resulting from transient overexpression, prevented the identification of
known Upf1 interactors (this study and R. Beniston, unpublished), and thus transient
over-expression was deemed not suitable to investigate Upfl recruitment to
chromatin. To address the issue of overexpression when studying these low-

abundance interactions, | generated a library of isogenic stable FLP-IN cell lines and

131



" to be broadly similar to levels of

demonstrated ectopic expression of Upfl
endogenous Upfl. As | planned to test the ability of Upfl mutants to rescue
knockdown of endogenous Upfl in later experiments, | generated a FLP-IN Hela cell

. In cells transfected with non-targeting siRNA

line capable of expressing Flag-Upfl
and treated with doxycycline, | was able to distinguish ectopic expression of Flag-

Upf1™ and demonstrated this mutant was resistant to siRNA mediated depletion,

when challenged with a specific siRNA targeting the wild-type Upfl sequence.

4.8.2 Identification of an N-terminal region essential for Upfl chromatin

recruitment

Having established a controlled Upfl expression system in vivo, | then wanted
to identify the Upfl domains essential for chromatin recruitment. Using biochemical
fractionation, | prepared cytoplasmic, soluble nuclear or chromatin-enriched fractions

res

from asynchronous or S-phase enriched FLP-IN Flag-Upfl Hela cells and

®* associated with chromatin in both asynchronous and S-

demonstrated Flag-Upfl
phase enriched cells. This is consistent with data presented by Azzalin et al., 2006, and
demonstrated that Flag-Upfl expressed in the FLP-IN system behaves in a manner

similar to endogenous Upfl and responds to the cell cycle signalling events that cause

chromatin recruitment.

The interaction of Upfl with Upf2 is essential for NMD (Chakrabarti et al., 2011;
Lykke-Andersen et al., 2000), however Upf2 has been shown to be dispensable for
genomic stability (Azzalin and Lingner, 2006b). This suggested the CH domain of Upfl
(residues 115-272) required for this interaction (Kadlec et al., 2006), may also be

dispensable for the recruitment of Upfl to chromatin, but did not provide insight into
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the role of the extreme N-terminus. In an initial investigation of Upfl domains required
for chromatin recruitment, | deleted the extreme N-terminal 91 amino acids and
observed the nuclear accumulation of this mutant, and a complete absence of
chromatin interaction. This mutant was able to bind Upf2 however, demonstrating
motifs contained within the N-terminal 91 amino acids, and not the CH domain, are

required for chromatin recruitment.

4.8.3 N-terminal Upfl motifs may also be essential for nuclear export

On closer examination of this data, deletion of amino acids 1-91 also caused a
decrease in cytoplasmic localisation of this mutant (Figure 4.7) when compared to
Flag-Upf1™ (Figure 4.5), becoming largely localised to the nuclear soluble fraction
(nucleoplasm). Previously, Mendell et al., 2002, investigating the nuclear-cytoplasmic
shuttling of the mouse Upfl homologue (termed Rentl), demonstrated that deletion
of residues 55-416 caused nucleoplasmic accumulation of GFP-tagged Rentl, but the
authors did not address the cause of this accumulation. Upfl and Rentl are 99.6%
identical (BLAST search) and a possible explanation for their observation is that Upfl
becomes exported from the nucleus through interaction with Upf2-bound mRNAs
during NMD, and therefore the absence of the CH domain in this mutant prevented
nuclear export, resulting in net nuclear accumulation of A55-416Rent1. However, | also

res8191 \which contains the CH domain and

observed nuclear accumulation of Flag-Upfl
which | showed remained capable of co-immunoprecipitating Upf2, suggesting that the
failure in nuclear cytoplasmic shuttling is not a consequence of the absence of the CH

domain. This effect does not appear to be dependent on the very extreme N-terminus,

as deletion of residues 1-60 did not cause nuclear accumulation of Rentl (Mendell et
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al., 2002). Data from this study, taken with the results presented by Mendell and
colleagues, suggests that residues 60-91 may be required for the nuclear export of
Upfl/Rentl. This region does not contain a classical nuclear export sequence (Mendell
et al., 2002), so it is a possibility that Upfl is exported from the nucleus by an atypical

mechanism, through interactions with currently unknown proteins.

The cytoplasmic shuttling of Upfl was not the focus of this project, so | did not
pursue this phenotype further. However, understanding the mechanism of nuclear-
cytoplasmic shuttling of Upf1l may shed light on both the cellular location of NMD, and
more importantly, into the mechanism of replication-dependent histone mRNA decay.
In the current model, HD involves the nuclear recognition of replication stress, which
then, through an unknown mechanism, causes the rapid decay of presumably
cytoplasmic histone mRNAs (Kaygun and Marzluff, 2005a; Muller et al., 2007b; Sittman
et al., 1983). ATR and DNA-PK have been shown to function during HD (Kaygun and
Marzluff, 2005a; Muller et al., 2007b) and exposure to replication stress may cause
ATR/DNA-PK signalling events that traffic Upfl from sites of replication stress on
chromatin into the cytoplasm to target histone mRNAs. However, recent data has
suggested that HD may also occur exclusively in the nucleus (Choe et al., 2013; Rattray
et al.,, 2013), therefore further study of this region may help to increase our
understanding of how the nuclear export of Upfl may be involved in NMD or the

maintenance of genomic integrity through HD.
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4.8.4 Identification of serine 42 as a critical residue for Upfl chromatin

recruitment

Lingner and colleagues (Azzalin and Lingner, 2006) demonstrated chromatin-
bound Upfl was hyperphosphorylated on S/T-Q motifs, and chromatin recruitment in
response to replication stress requires ATR, suggesting phosphorylation mediates the
interaction of Upfl with chromatin. Analysis of the 91 amino acid region essential for
chromatin recruitment identified the presence of four S/T-Q motifs (510, T28, S42,
T44), which are the consensus target sequences for PIKK kinases. Site-directed
mutagenesis of each individual site, to prevent phosphorylation in vivo, demonstrated
no defects in chromatin recruitment when S10 or T28 were mutated. However,
mutation of T28 to alanine failed to generate an S-phase accumulation of Upfl on
chromatin (Figure 4.10); however time restrictions prevented further analysis of this
mutant, therefore | am unable to draw any significant conclusions until further

experimental repeats are performed.

Strikingly, mutation of S42 resulted in the absence of chromatin recruitment in
asynchronous or S-phase enriched cells, demonstrating this motif is essential for
chromatin recruitment. During production of these mutants, | was unable to mutate
T44 due to the difficulties in the molecular cloning of Upfl (see Materials and
methods). Forming a dual SQTQ motif with S42, phosphorylation of either motif may
be sufficient for Upfl functions at chromatin, although it is possible, that both S42 and

T44 are required for normal Upfl function on chromatin.
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4.8.5 542, a residue required for Upfl chromatin recruitment is not involved in

NMD

| wanted to investigate whether the function of Upfl at chromatin requires
distinct structural motifs from those required for NMD, a process dispensable for
genomic stability (Azzalin and Lingner, 2006b). The identification of S42 as a motif
essential for the recruitment of Upfl to chromatin raised the question of whether this
residue was required generically for the all of the global functions of Upfl, or might be
uniquely involved in its chromatin-associated functions. Similarly, it was important to
establish whether well-established N- and C-terminal motifs required for NMD, were
also important for the chromatin association of Upfl. Consistent with the recent work
of several groups (Brazao et al., 2012; Geissler et al., 2013; Lim et al., 2012), | found
that efficient siRNA-mediated knockdown of Upfl reduced NMD efficiency, but did not
eliminate it completely. Unlike the wild-type protein, ectopic expression of Flag-
Upf1*** failed to restore efficient NMD under these conditions, but importantly this

mutant showed normal chromatin recruitment. In contrast, Flag-Upf1"***

efficiently
restored NMD in siRNA treated cells, suggesting specific domains within Upfl function

in mutually exclusive cellular pathways.

4.8.6 Evidence for S42 as a Upfl phosphorylation site

S42 is essential for the S-phase recruitment of Upfl to chromatin, a process
shown to be heavily regulated by PIKK mediated phosphorylation (Azzalin and Lingner,
2006b), suggesting phosphorylation of this residue may be necessary to bring about
chromatin recruitment. Two preliminary lines of evidence support the possibility that

S42 phosphorylation is required for chromatin association. Firstly, mass spectrometric
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analysis of in vitro kinase assays using N-terminal Upfl fragments identified S42 as
being phosphorylated by the PIKK, DNA-PK (R. Beniston, unpublished). Secondly, an
initial investigation into the effects of simulated phosphorylation at this motif in vivo,
using a FLP-In cell line expressing the phospho-mimetic glutamic acid residue at

resS42E

position 42 demonstrated Flag-Upfl is capable of interacting with chromatin,

although this observation requires a more comprehensive study.

Further work will be required to establish whether phosphorylation at S42, and
/or T44 are required for chromatin association. This is likely to include mass
spectrometric analysis of chromatin-associated Upfl, together with a targeted,
guantitative analysis of the extent of phosphorylation at S42 during S-phase with
targeted knockdown of PIKK family members to identify the critical kinase required for

Upfl chromatin recruitment.

Upfl binds to oligonucleotide sequences in vitro ((Li et al., 1992) Dehghani and
Sanders, unpublished) but whether Upfl is recruited to chromatin through direct

association with DNA or through protein-protein interactions is not yet understood.
Mass spectrometry based interactome studies, to determine the proteins which

interact with Upfl in the presence or absence of S42, may also provide candidate

proteins which interact with Upfl at chromatin.

4.8.7 The phosphorylation of S42 may generate structural changes to Upfl N-

terminal domains that allow interactions within the nucleus

Although Upfl has been shown to be an essential gene for normal embryonic
development in a number of model organisms, including Danio, Drosophila and mouse,

this is believed to be the consequence of a requirement for NMD and, particularly,
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SMD, which are essential for the regulation of developmentally expressed genes (Cho
et al., 2012b; Kim et al., 2007), and not due to lack of genome stability during
development. To date, Upfl has only been reported to interact with chromatin and
play some role in the maintenance of genomic stability in human cells (Azzalin and
Lingner, 2006b; Azzalin et al., 2007). Therefore, what can be speculated as to the
function of S42 in Upfl chromatin recruitment and the maintenance of genomic
stability? During early stages of this study, attempts to produce Upfl cDNA through
standard PCR were repeatedly unsuccessful, and analysis of the Upfl coding sequence
identified a 5’ GC-rich (~95% GC) nucleotide region, preventing strand denaturation
during PCR. This sequence is present only in the mouse and human Upf1l genes (BLAST
search), and when translated forms a proline-glycine rich domain (PRD) unique to
mammalian Upfl (Figure 4.8). This repeat PPGGPGGPGG sequence (corresponding to
amino acids 47-56 in human Upf1) fits the X-P-x-X-P domain criteria for an SH3 domain
protein binding ligand (Aitio et al., 2010; Mayer, 2001) and sequences rich in alanine,
glycine and proline have been proposed to function in structural flexibility,
transcriptional repression, protein-protein and protein-RNA interactions (Cartegni et
al., 1996; Catron et al., 1995; Steinert et al., 1991). This region therefore may facilitate,
upon the correct stimulus, the interaction of Upfl with currently unknown proteins or
provide flexibility within this region to allow structural rearrangement of the N-

terminus essential for the biochemical activity of Upf1.

4.8.8 In silico 3D prediction modelling of the N-terminal structure of Upfl

suggests a potential mechanism of chromatin recruitment

While not yet confirmed as a Upfl phosphorylation motif in vivo, phospho-

mimetic substitution of this site generated increased chromatin recruitment and
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evidence, in vitro, has demonstrated at least one PIKK was capable of phosphorylating
this motif (R.Beniston, unpublished). To investigate the potential effect of
phosphorylation at this motif, | performed bioinformatic structural analysis of this
region, with the aim of generating information as to how this site may contribute to
the recruitment of Upfl to chromatin. Attempts by other groups to resolve the
complete crystal structure of Upfl have proven unsuccessful thus far, with only the
crystal structures described for the CH domain (amino acids 115-272) and helicase core
(amino acids 295-914) (Cheng et al., 2007; Kadlec et al., 2006). The absence of crystal
structures for the extreme N- and C-termini, most likely results from the relative lack
of defined structure in these regions, and the potential to adopt multiple
conformational states. To generate a model full-length protein structure, | submitted
the sequence of human Upfl to the I-TASSER 3D-structure prediction service, ranked
as the top protein prediction server in recent Critical Assessment of protein Structure
Prediction (CASP) experiments, which integrates published crystal structure data with
protein prediction software and generate a 3D theoretical protein (Roy et al., 2010;
Roy et al., 2012; Zhang, 2008).. Figure 4.17 shows the predicted 3D structure of a
single Upfl molecule, highlighting the highly conserved central helicase domain, Upf2
interacting CH domain, the N-terminus and C-terminal SQ domain. The CH domain is
not bound to the helicase core in this model, as the presence of ATP or RNA, known to
influence the binding of the CH domain to the helicase core, are not factored into the

prediction (Chakrabarti et al., 2011).
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Figure 4.17 3D-structure prediction of full-length Upf1

The full-length Upfl protein sequence was submitted to the I-TASSER 3D-structure
prediction service and the resultant structure prediction processed using
SwissView pdb viewer software. The Upfl CH domain (purple), helicase domain
(green), SQ domain and N-terminus are highlighted.

Closer analysis of the N-terminus (Figure 4.18a) highlights a compact structure,
where the SQ motifs at S10 and S42 cluster immediately upstream of the PRD. In order
to initiate the process of developing a working model for the function of serine 42 in
the association of Upfl with chromatin, | generated a phospho-mimetic mutation
(S42E) at this motif in silico, analogous to the in vivo mutation described above, to
introduce a negative charge representative of phosphorylation. When compared to the
wild-type sequence (Figure 4.18b), introduction of a negative charge at this residue
causes a large conformational change and an ‘opening-out’ of the N-terminal structure

(Figure 4.18c). This S10/S42 cluster appears to be spatially distinct from T28, a motif
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demonstrated to be phosphorylated by SMG1 during NMD responsible for the
recruitment of SMG6 (Okada-Katsuhata et al., 2012). Importantly, phospho-mimetic
substitution of either S10 or T28 did not generate this large conformational change

(data not shown).

Figure 4.18 In silico phospho-mimetic substitution of S42 generates a large
conformational change in the Upfl N-terminus

a) The Upfl N-terminal structure; highlighting the predicted positions of the S/T-Q
motifs at S10, T28 and S42 and the PRD (red) b) A 180° lateral rotation of the image
in (a), demonstrating the compact structure of the N-terminus. c) Predicted N-
terminal structure after phospho-mimetic substitution of S42 to E42.
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Interestingly, introduction of the phospho-mimetic mutation results in
conversion of the PRD from a looped, closed conformation into an extended, linear
configuration, using the I-TASSER modelling software. The proximity of this region
immediately downstream of S42, a speculative Upfl phosphorylation site, may
generate morphological changes to the N-terminus that allow access to this region.
While this region does not show any classical protein-protein interaction domains, it
contains structural features similar those found in interaction surfaces (see earlier) and
may facilitate the interaction of Upfl with chromatin associated proteins, or directly

with DNA.

Using bioinformatic analysis of the Upfl 3D structure, | propose the following
speculative model for the recruitment of Upfl to chromatin. Activation of PIKKs during
replication stress may stimulate phosphorylation of Upfl on S42 which induces a large
conformational change within the N-terminus (Figure 4.18c). This could facilitate Upfl
loading onto chromatin either by, i) exposure of the PRD domain, allowing interaction
with currently unknown chromatin-associated proteins, or, ii) the generation of a
direct binding surface around S42 for a chromatin associated protein(s), analogous to
the mechanism by which phospho-T28 acts in the recruitment of SMG6 during NMD,
or iii) displacement of the N-terminus allows Upfl helicase domains to directly interact

with DNA.

In conclusion, in this chapter | investigated the S-phase recruitment of Upf1l to
chromatin, and through generation of FLP-IN Hela stable cell lines, performed
structural and phospho-site analysis of the Upfl extreme N-terminus and identified

S42 as a critical motif required for Upfl chromatin recruitment. | demonstrated S42
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dependent recruitment of Upfl to chromatin is functionally distinct from the role of
Upfl in NMD and provided preliminary evidence that phosphorylation of this motif
may function in the recruitment of Upfl to chromatin. Although yet to be proven, this
suggests phosphorylation by nuclear PIKK proteins may specifically cause the S42
dependent recruitment of nuclear Upfl onto chromatin, a process essential the S-

phase specific functions of Upfl in S-phase progression and genomic stability.
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Chapter 5 Dissection of the S-phase specific functions of Upfl
5.1 Introduction

At the beginning of this study, in addition to roles in global mRNA surveillance,
Upfl had been shown to be involved in pathways essential for S-phase progression and
genomic stability. The histone mRNA decay pathway, shown to involve Upfl, ensures
the rapid decay of histone mRNAs in response to replication stress during S-phase, to
prevent misregulation of histone protein levels and resultant genomic instability
(Azzalin et al., 2007; Kaygun and Marzluff, 2005a; Muller et al., 2007b), however little
is known of how Upf1 functions in this pathway. Azzalin and Lingner (2006), reported
that shRNA-induced knockdown of Upfl in Hela cells caused an early S-phase cell cycle
arrest, and these cells accumulated yH2AX, a marker of genomic instability. Upfl was
therefore proposed to function during DNA replication through S-phase specific
recruitment to chromatin (Azzalin and Lingner, 2006a), and provide helicase activity at
the replication fork through interaction with the p66 pol 6 subunit (Carastro et al.,

2002).

The role of Upfl in the maintenance of genomic stability has been shown to be
independent of the canonical NMD pathway, as knockdown of the core NMD
component Upf2 does not affect the genomic integrity of the cell (Azzalin and Lingner,
2006b). NMD components have been demonstrated to bind telomeric DNA and
knockdown of Upfl, SMG1 or SMG6 resulted in the loss of telomeric tracts and an
accumulation of the IncRNA TERRA at telomeres (Azzalin et al., 2007). Interestingly,
Upfl knockdown also generated yH2AX foci at telomeres, and the requirement for

pold during lagging strand telomere DNA replication suggested Upfl may also function
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in the replication of a subset of telomeres in vivo (Azzalin et al., 2007; Chawla et al.,

2011; Lormand et al., 2013).

In Chapter 4, | showed that S42 was essential for chromatin recruitment of
Upfl, but was not required for NMD, while residues known to be important or
implicated in the cyclical process of phosphorylation/dephosphorylation required for
NMD (T28, S1096, S1116) were not required for chromatin recruitment. My objective
here was to use the cell lines, Hela- Flag-Upf1™*** and Hela- Flag-Upf1™"*
generated in Chapter 4 to investigate the S-phase specific functions of Upfl in two
lines of study. Firstly, | aimed to investigate the proposed role of Upfl in S-phase
progression, through the interaction with the p66 polé subunit, and investigate the
significance of Upfl nuclear interactions in the maintenance of genomic stability. In a
second line of study, | aimed to perform a functional analysis of the role of Upfl at

telomeres.

5.2 Knockdown of endogenous Upfl does not cause cell cycle arrest in Hela cells
Upfl knockdown was reported to cause an early S-phase arrest in Hela cells
(Azzalin and Lingner, 2006b), however this was not analysed further when similar
experiments were performed subsequently by the same group (Azzalin et al., 2007).
Therefore, | initially wished to clarify the requirement for Upfl in cell cycle

progression.

Flag-Upf1™ FLP-IN Hela cells were transfected with non-targeting siRNA or
Upfl siRNA, with or without doxycycline, to investigate the effects on cell cycle
progression of reducing Upfl to very low levels, together with the consequences of
concomitant expression of Flag-tagged Upfl. After incubation for three days, cells
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were harvested and processed for flow cytometry as described in Materials and

res

methods. Upfl knockdown and expression of Flag-Upfl™ was confirmed by Western
blot (Figure 5.1a) and the DNA content of cells determined by propidium iodide (PI)
staining and analysis by flow cytometry (Figure 5.1b-e). Transfection of non-targeting

res

siRNA in the presence or absence of Flag-Upfl™ did not disrupt the cell cycle profiles
of these cells (Figure 5.1b and d). Efficient knockdown of endogenous Upfl did not
bring about any significant accumulation of early S-phase cells (Figure 5.1c) although a
slight increase in the apparent proportion of cells in G2 was observed, which was not
reversed in cells expressing Flag-Upfl™ (Figure 5.1d). These data indicate that,
significant depletion of Upfl had little or no effect on early S-phase progression, but
may have resulted in a delay within G2/M, although this was not affected by

res

expression of Flag-Upfl ™.
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Figure 5.1 Upfl knockdown does not generate an S-phase arrest in Hela cells

Flag-Upf1™ FLP-IN Hela cells were transfected with non-targeting siRNA or Upfl
siRNA, with or without 1pg/ml doxycycline for 72 h. Cells were then processed to
generate cell lysates (a) or for flow cytometry (b-e) as described in Materials and
methods. DNA was stained with Pl and cells analysed by a BD LSRII flow cytometer.
a) Western blot of Upfl knockdown and Flag-Upf1™ expression. b-e) Cell cycle
profiles of samples in (a), analysed using FlowJo software. The proportion of cells
estimated to be in each phase of the cell cycle is indicated below each profile. Data
is representative of two independent experiments.
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5.3 Co-immunoprecipitation of Upfl with the p66 subunit of DNA polymerase & in
Hela cells

5.3.1 Endogenous Upfl and p66 interact in vivo

Upfl has been demonstrated to co-purify and co-immunoprecipitate with the
p66 subunit of DNA polymerase & (Carastro et al., 2002), and its association with
components of DNA polymerase & has been suggested as the mechanism by which
Upfl is recruited to chromatin (Azzalin and Lingner, 2006a; Carastro et al., 2002). | was
unable to provide evidence in a yeast two-hybrid approach (Chapter 3) for a direct
interaction between Upfl and p66; in addition, transiently overexpressed Flag-Upfl
failed to immunoprecipitate p66 from Hela cells (Chapter 4, and data not shown).

Therefore | initially wanted to confirm that Upfl and p66 do indeed interact in vivo.

| prepared nuclear extracts from asynchronous Hela cells (see Materials and
methods) and immunoprecipitated endogenous Upfl or p66 using specific antibodies
to each. The presence of both proteins in immunoprecipitated complexes was
demonstrated by Western blot (Figure 5.2a-b), and endogenous Upfl and p66 could be
reciprocally co-immunoprecipitated, confirming this interaction occurs in vivo. It is
important to note, that this interaction involves a very small fraction of both proteins,
and was often not maintained even under low stringency wash conditions (data not
shown), suggesting a weak or transient interaction. | was also unable to consistently
detect PCNA, a processivity factor known to interact with pold (Bruning and Shamoo,

2004; Podust et al., 1995), in immunoprecipitated complexes.
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Figure 5.2 Co-immunoprecipitation of endogenous Upfl and p66 in Hela cells

a) Intact nuclei were prepared from asynchronous Hela cells as described in
Materials and methods, lysed with IP lysis buffer, and incubated overnight at 4°C
with a) Upfl or b) p66 antibodies. The following day Protein-G beads were added
for 1 h at 4°C, before beads were collected and complexes eluted and analysed by
SDS-PAGE. Western blot analysis was performed using a-Upfl, a-p66 or a-PCNA
antibodies. Whole cell extract (WCE) and blotting for a-tubulin (cytoplasmic
protein) were used to ensure purity of nuclear fractions. The Upf1 signal observed
in 1gG IP lanes reflects non-specific interactions between endogenous Upfl and
the 1gG/ProteinG sepharose used. Quantification values indicate the fold amount
of Upf1/p66 co-immunoprecipitated in each IP, normalised to the signal observed

in the 1gG control.
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5.3.2 The Upfl-p66 interaction does not occur in S-phase enriched cells

As | initially performed these experiments in asynchronous cells, and the
interaction between Upfl and p66 had been proposed to be required for DNA
replication (Azzalin and Lingner, 2006b), | wanted to investigate whether this

interaction is elevated during S-phase.

| treated Hela cells with 2mM hydroxyurea (HU) for 24 h to arrest a significant
proportion of cells at the G1/S boundary or within S-phase, before releasing them for
2-3 h to enrich for S-phase cells. Immunoprecipitations were performed as described
previously. | was unable to demonstrate any interaction between endogenous Upfl
and p66 in this S-phase enriched cell population (data not shown), suggesting this

interaction may not occur during global DNA replication.

5.3.3 Upfl may interact with chromatin and p66 through a common motif

To investigate whether the interaction between Upfl and p66 could be
investigated in a mammalian cell system with the potential to identify interacting
domains, | attempted to co-immunoprecipitate ectopically expressed, tagged forms of

both proteins in Hela cells.

Flag-Upf1™ FLP-IN Hela cells were transiently transfected with an eGFP-p66
construct, previously shown to locate correctly to replication foci (Pohler et al., 2005),
in the presence of doxycycline for 24 h, and incubated for an additional 24 h, or S-
phase enriched as described previously. To increase the amount of
immunoprecipitated Upfl-p66 complexes, | significantly increased the amount of

cellular extract and antibody used in these immunoprecipitation experiments. Using
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this approach, it was cost-prohibitive to generate nuclear extracts on the required
scale and therefore whole cell extracts were used as the source of material for

immunoprecipitation. The presence of both Flag-Upf1™®

, endogenous p66 and the
more slowly migrating eGFP-p66 band was confirmed in these lysates by Western blot

(Figure 5.3).

©
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Figure 5.3 Co-expression of Flag-Upf1™ and eGFP-p66 in FLP-IN Hela cells

Flag-Upf1"* FLP-IN Hela cells were transfected with an eGFP-p66 construct and
exposed to 0.5pg/ml doxycycline for 48 h. Whole cell extracts were then prepared
as described in Materials and methods and expression analysed by Western
blotting with a-Flag, a-GFP or a-p66 antibodies. a-actin was used as a loading
control.
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Immunoprecipitations were then performed using a Flag antibody, to
specifically  isolate  ectopically expressed Flag-Upf1™. The  Flag-UPF1™
immunoprecipitates were probed for the presence of both forms of p66 using anti-p66
antibodies (Figure 5.4b). Unfortunately, technical restrictions prevented the
identification of endogenous p66 with Flag-Upf1™®in these immunoprecipitations (data
not shown). Faint bands corresponding to eGFP-p66 (Figure 5.4b, centre panel), were
enriched in immunoprecipitates using anti-Flag antibodies compared to control IgG
suggesting that, at least under these conditions, a small fraction of total eGFP-p66 may
interact with Upfl. In cells enriched for S-phase (Figure 5.4b, left panel), the amount
eGFP-p66 immunoprecipitated with Upfl was reduced, consistent with the results

obtained for the endogenous proteins (data not shown), suggesting this interaction is

not enhanced during S-phase.

| wanted then to establish whether interaction with p66 is dependent upon
S42, a motif demonstrated previously to be essential for recruitment of Upfl to

chromatin (Figure 4.11). FLP-IN Hela cells expressing Flag-Upf1™*>**

were transiently
transfected with an eGFP-p66 construct and immunoprecipitations performed as
described previously. Interestingly, in contrast to data obtained from Flag-Upf1"® FLP-
IN Hela cells, eGFP-p66 could not be detected in Flag-Upfl immunoprecipitates from
with Flag-Upf1™***A FLP-IN cells (Figure 5.4b, right panel). This result suggests Upfl

interacts with p66, and requires the presence of S42, a motif shown to be essential for

Upfl chromatin recruitment.
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Figure 5.4 Flag-Upf1"***** could not be immunoprecipitated with ectopically
expressed eGFP-p66

Flag-Upf1™ or Flag-Upf1™*>** FLP-IN Hela cells were transfected with an eGFP-
p66 construct and exposed to 0.5pg/ml doxycycline for 48 h (Asynchronous).
Alternatively for the final 24 h cells were S-phase enriched as described
previously (S-phase). Whole cell extracts were then prepared as described in
Materials and methods and samples incubated overnight with a-Flag antibodies.
Protein-G beads were added for 1 h then complexes washed, eluted and
separated by SDS-PAGE prior to Western blotting with a-Flag or a-p66
antibodies. a) 2% input of all immunoprecipitations b) Eluted proteins from
immunoprecipitations. The p66 signal observed in IgG IP lanes reflects non-
specific interactions between endogenous p66 and the IgG/ProteinG sepharose
used.
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5.4 The function of Upfl in genomic stability involves motifs required for both
chromatin recruitment and RNA decay

Azzalin and Lingner (2006) reported previously that depletion of Upfl in the
absence of exogenous genotoxic agents, utilising vectors generating short-hairpin
RNAs targeting Upfl, resulted in early S-phase arrest. In addition, they reported the
appearance of DNA double strand breaks following Upfl depletion, as indicated by the
accumulation of the phosphorylated form of the histone variant, H2AX (yH2AX), a
downstream target of PIKK proteins during the DNA damage response (Azzalin and
Lingner, 2006b). Circumstances that induce S-phase arrest, such as exposure to
replication inhibitors, are known to bring about an increase in double strand break
formation as a consequence of replication fork collapse, and an accumulation of yH2AX

(Kurose et al., 2006).

However, in my hands, efficient knockdown of Upfl by siRNA, failed to induce a
significant S-phase arrest, although it did interfere with the efficiency of NMD (Chapter
4). These results raised questions regarding the significance of the reported role of

Upflin cell cycle progression and genome integrity (Azzalin and Lingner, 2006b).

| set out to independently establish whether loss of Upfl induced increased
levels of double strand breaks, and if that was the case, to identify motifs within Upfl

essential for the maintenance of genomic stability.

5.4.1 Knockdown of endogenous Upfl causes genomic instability in Hela cells

Initially, Hela cells were transiently transfected with non-targeting siRNA or

Upfl siRNA for three days and yH2AX levels determined by Western blot. Upfl
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knockdown caused a dramatic increase in levels of yH2AX, compared to controls

(Figure 5.5), demonstrating a significant DNA damage response in cells lacking Upf1.

siRNA: NT Upfl
Time (h): 24 48 72 24 48 72

e I a-UpfL

.{ a-yH2AX

~ -  — e m— - a-Actin

Figure 5.5 Upfl knockdown activates a DNA damage response in Hela cells

Hela cells were transfected with non-targeting siRNA or Upfl siRNA for 24-72 h
before whole cell extracts prepared and analysed by Western blotting with a-Upfl
or a-yH2AX antibodies. a-actin was used as a loading control.

To confirm this effect was not an off-target effect of the siRNA used, |

res

transiently transfected Flag-Upfl™ Hela cells with non-targeting or Upfl siRNA, with
or without doxycycline, and assessed yH2AX levels. As before, siRNA-induced
knockdown of Upfl resulted in an increase in yH2AX levels, which was not observed in

'®, Thus, doxycycline-induced expression

doxycycline-treated cells expressing Flag-Upfl
of Flag-Upf1™ was able to rescue the phenotype associated with Upfl knockdown,
preventing the expression of yH2AX signal (Figure 5.6), and supporting the notion that,

despite having no effect on global S-phase progression, Upfl is required to prevent the

emergence of double strand breaks.
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Figure 5.6 Expression of Flag-Upfl ™ rescues the yH2AX signal induced by Upfl

knockdown

Flag-Upf1™ FLP-IN Hela cells were un-transfected, or transfected with non-
targeting siRNA or Upfl siRNA for 72 h, and 1ug/ml doxycycline added where
appropriate. Whole cell extracts were then prepared and analysed by Western blot
using a-Upfl, a-Flag or a-yH2AX antibodies. a-tubulin was used as a loading control.

5.4.2 Upfl chromatin recruitment is essential for Upfl-dependent genomic

stability

The results described in Chapter 4 indicated that the N-terminal region of Upfl
comprising residues 1-91 is essential for chromatin association (Figure 4.7). | therefore

A9 ELP-IN cells were capable of rescuing the yH2AX

investigated whether Flag-Upf1
phenotype associated with Upfl knockdown. FLP-IN cells containing either Flag-
Upf1®1 or Flag-Upfl™ were treated with doxycycline or not as appropriate,
transfected with non-targeting or Upfl siRNA, and levels of yH2AX determined. As
before, Flag-Upf1™ expression blocked the appearance of significant levels of yH2AX

rest1-91 \vas unable to rescue the

(Figure 5.7b, compare lanes 3 and 4). In contrast, Upfl
YH2AX phenotype observed after Upfl knockdown (Figure 5.7b, compare lanes 3 and

5). This data demonstrates that the N-terminal Upfl residues 1-91, previously show to
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be essential for chromatin recruitment, are required for Upfl-mediated prevention of

genomic instability.

5.4.3 Upfl motifs associated with RNA decay also are required for genomic

stability

Canonical NMD has been demonstrated to be dispensable for genomic stability
(Azzalin and Lingner, 2006b), and Upfl phosphorylation site motifs either required or
implicated in NMD are not involved in chromatin recruitment (Chapter 4). Therefore, |
wished to establish the role, if any, of these motifs in the maintenance of genomic

stability.

resAAA

FLP-IN cells containing Flag-Upfl were treated with doxycycline,

transfected with non-targeting or Upfl siRNA and yH2AX levels determined as before.

A in Upfl knockdown cells generated a

Strikingly, expression of Flag-Upfl
significantly higher level of yH2AX than Upfl knockdown alone (Figure 5.7b, compare
lanes 3 and 6). Expression of this mutant, even in the presence of endogenous Upfil,
also generated a yH2AX signal (Figure 5.7a, lane 4). These data demonstrate that Upfl

motifs associated with NMD function, shown to be dispensable for chromatin

recruitment, are essential for the maintenance of genomic stability.
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Figure 5.7 Upfl mutants lacking motifs required for chromatin recruitment or NMD
cannot rescue the yH2AX signal after Upfl knockdown

Flag-Upf1™, Flag-Upf1™***! or Flag-Upf1™** FLP-IN Hela cells were either un-
transfected, or transfected with non-targeting siRNA or Upfl siRNA with or without
1ug/ml doxycycline for 72 h. Whole cell extracts were then prepared and analysed by
Western blot using a-Upfl, a-Flag or a-yH2AX antibodies. a-actin was used as a
loading control. a) Cells transfected with non-targeting siRNA. b) Cells either un-
transfected, or transfected with siRNA against Upfl. All panels are from the same
western blot under the same exposure conditions.
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5.5 Functional analysis of Upfl dependent telomeric DNA replication

5.5.1 Upfl knockdown causes the loss of a subset of telomeres in Hela cells

Upfl physical interacts with telomeres in vivo and was shown to be essential
for leading, and to a lesser extent, lagging strand telomeric DNA replication (Azzalin et
al., 2007; Chawla et al., 2011). Knockdown of SMG1 and SMG6 has been demonstrated
to result in a loss of telomeres and accumulation of TERRA foci (Azzalin et al., 2007)
suggesting that there may be mechanistic similarities between NMD and the Upfl-
mediated maintenance of telomere integrity. | therefore wished to explore the
functional role of Upfl motifs essential for chromatin recruitment or NMD in the

replication of telomeric DNA.

In a first step, Flag-Upf1™ FLP-IN Hela cells were transfected with non-
targeting siRNA or Upfl siRNA, with or without doxycycline for 72 h. Cells were then
incubated for an additional 4 h in the presence of colcemid, a compound which
destabilises microtubules and prevents mitosis through failure to generate a mitotic
spindle (Rieder and Palazzo, 1992). Samples of cells exposed to each condition were
used to obtain mitotic spreads, prepared as described in Materials and Methods, and
telomeric DNA labelled through hybridisation of a protein-nucleic acid (PNA) FISH
(Fluorescent In situ Hybridisation) probe designed to specifically bind to telomeric
sequences (Azzalin et al.,, 2007). Genomic DNA was counterstained with DAPI (4',6-
Diamidino-2-Phenylindole, Dihydrochloride) and images acquired using a Deltavision
confocal microscope. Representative microscopy images are displayed in Figure 5.8.
Chromosomes from each experimental condition were analysed for loss of telomeres

or telomere-free ends, as judged by the absence of a telomere associated fluorescent
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signal associated with DAPI-stained chromosomes (see arrows, Figure 5.8a-e). Parallel

samples were analysed for Upfl knockdown and Flag-Upf1"™*

expression by Western
blot (Figure 5.9a and b). Data for two independent experiments (expressed as
percentage of telomere-free ends (%TFE) are shown in graphical (Figures 5.9a and b)
and table form (Table 4). siRNA-mediated Upfl knockdown resulted in a significant
increase in numbers of telomere-free ends (compare Figure 5.8a and b, Figures 5.9a
and 5.9b, lanes 1 and 2). Importantly, the appearance of TFEs induced by the loss of
Upfl expression was rescued by doxycycline-induced expression of Flag-Upf1™®
(compare Figure 5.8a and c, Figures 5.9a and 5.9b, lanes 1 and 3) indicating an absence
of a subset of telomeres in Upfl-depleted cells. Although not quantified, after

knockdown of Upfl | observed increased numbers of telomere fragments, regions of

telomeric DNA not attached to a chromosome (Figure 5.8b, inset image).

5.5.2 Upfl motifs required for both chromatin recruitment and RNA decay

functions are required for maintenance of telomeric integrity

Upfl has been shown to bind to telomeric chromatin in vivo (Chawla et al.,
2011). In addition, a number of proteins, including SMG1 and SMG6, originally
characterised by virtue of their role in NMD, have also been demonstrated to function
at telomeres (Azzalin et al., 2007). SMG1 is capable of phosphorylating Upfl at T28 in
vitro (Ohnishi et al., 2003), and phosphorylation of this motif in vivo was significantly
decreased by SMG1 knockdown (Okada-Katsuhata et al., 2012). Phosphorylation of
this motif, presumably by SMG1, is necessary for the interaction of SMG6 with Upfl
and 5’ RNA decay of PTC-containing transcripts during NMD (Okada-Katsuhata et al.,

2012). This suggests the roles of Upfl, SMG1 and SMG6 in TERRA decay and telomere
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replication may also involve signalling mechanisms more commonly associated with

mMRNA surveillance.

Data presented previously in this thesis has shown that a Upfl mutant lacking
S42 fails to associate with chromatin and is incapable of rescuing the appearance of
double strand breaks, while mutants lacking the canonical residues required for
cyclical phosphorylation/dephosphorylation during RNA decay in NMD, fail to rescue
the appearance of double strand breaks, despite being capable of chromatin
association. Therefore, | wished to compare the consequences, if any, of inducing the

expression of each of these mutants, in the maintenance of telomere integrity.

Flag-Upf1*** and Flag-Upf1"**** FLP-IN Hela cell lines were transfected with
Upfl siRNA and expression of Flag-Upfl mutants induced with doxycycline.
Assessment of TFEs was performed as described previously, and expression of either
Flag-Upf1**** or Flag-Upf1™**** were unable to rescue telomere loss in the absence
of endogenous Upfl (Figure 5.8d and e, Figures 5.9a and 5.9b, compare lane 2 to lanes
4 and 5). This data indicates that although these Upfl motifs are functionally distinct
for Upfl chromatin recruitment and NMD function, they are both essential for the role

of Upfl in maintenance of telomere integrity.
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Figure 5.8 Telomere loss after Upfl knockdown and rescue by Flag-Upf1"™ mutants
in Hela cells

Flag-Upf1"™, Flag-Upf1™=*** or Flag-Upf1™**** FLP-IN Hela cells were transfected
with non-targeting siRNA or Upfl siRNA with or without 1ug/ml doxycycline for 72
h. Telomeric sequences (red) were identified by FISH as described in Materials and
methods. DAPI is shown in blue. Arrows indicate telomere free ends (TFEs). b)

Indent — arrow indicating a telomere fragment.
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Figure 5.9 Quantification of telomere-free ends in Upfl-knockdown cells and

res

rescue by Flag-Upfl ™ mutants

Flag-Upf1™, Flag-Upf1™** or Flag-Upf1™>*** FLP-IN Hela cells were transfected
with non-targeting siRNA or Upfl siRNA, with or without 1ug/ml doxycycline for 72
h. Telomere free ends were identified by FISH and quantified as described in
Materials and methods. a) and b) Western blots (upper) and % TFEs (lower) from

two independent experiments. All panels are from the same western blot under

the same exposure conditions.
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siRNA +/- expression Chromosomes counted %TFEs
NT 993 0.78
Upfl siRNA 2325 4.43
Upfl siRNA +Flag-Upf1res 1299 1.31
Upfl siRNA + Flag-Upf1resAAA 1150 3.96
Upfl siRNA + Flag-Upf1ress42A 1451 5.03

Table 4 Quantification of telomere free ends (TFEs) in Figure 5.9

Summary of two independent experiments, displaying total number of chromosomes
counted and % telomere free ends.
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5.6 Discussion

The DNA/RNA helicase Upfl has traditionally been demonstrated primarily
responsible for the surveillance of a broad class of mRNA transcripts. However, Azzalin
and Lingner, presented evidence that Upfl has S-phase specific functions involved in
DNA replication and genomic stability (Azzalin and Lingner, 2006b). The initial aim of
this chapter was to investigate the functions of chromatin-associated Upfl in DNA

replication and genomic stability.

5.6.1 Upfl is not required for S-phase progression

Upfl was proposed to be an essential component required for S-phase
progression, on the basis of flow cytometry data following short-hairpin- induced Upf1l
knockdown. This was reported to induce an early S-phase arrest in Hela cells (Azzalin
and Lingner, 2006b). | did not observe this phenotype using siRNA-mediated
knockdown of Upfl in this study (Figure 5.1). The reasons for this discrepancy are
unknown. | cannot exclude the possibility that minor technical differences between
approaches resulted in variations in Upfl knockdown efficiency that may have
contributed to this discrepancy. Only a small fraction of total Upfl interacts with
chromatin during S-phase (Azzalin and Lingner, 2006 and Chapter 4) and therefore
trace amounts of endogenous Upfl in knockdown cells may have been sufficient to
facilitate S-phase progression in my experiments. As low levels of Flag-Upf1™®

expression were demonstrated to be capable of rescuing phenotypes arising from Upfl

knockdown (see below), | cannot discount this possibility.

However, early S-phase arrest was not observed by the same group when

similar experiments were performed in subsequent work (Azzalin et al., 2007),
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suggesting that the original data may have been mis-interpreted. Closer analysis of the
cell cycle data presented by Azzalin and Lingner, (2006), suggests the early S-phase
arrest reported may have been an artefact accidentally generated during processing of
the flow cytometry data. The cell cycle profile obtained by them from Upfl-knockdown
cells resembled a normal unperturbed cell cycle, albeit with an apparent rightwards
shift in the predominant 2n peak, corresponding to a possible small increase in the
total DNA content of these cells. However, a similar shift was also observed in the 4n
peak which those authors attributed to the presence of a significant proportion of

polyploid cells, and the complete absence of a G2/M population.

An alternative interpretation of their data is that either variability in cell
numbers between samples resulted in apparent differences in DNA content, or that
there was an undetected change in the flow pressure between samples during the
analysis, both circumstances which can result in “profile drift” (Mark Jones, personal

communication).

The results reported here, together with subsequent data from the Azzalin
group (Azzalin et al, 2007) provide strong evidence that Upfl knockdown does not
generate an early S-phase arrest, and Upfl is not required for global S-phase

progression.

siRNA-mediated knockdown of Upfl undertaken in this work did result in an
increase in the proportion of cells in G2/M phase of the cell cycle. These data are
consistent with observations reported here and elsewhere that Upfl depletion results
in a DNA damage response associated with a failure to maintain telomere integrity, as

discussed below (Chawla et al., 2011).
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5.6.2 Upfl and p66 interact in Hela cells, but are not primarily involved in

genomic DNA replication

Upfl was shown to co-purify to almost complete homogeneity with p66 from
bovine thymus extracts (Carastro et al., 2002), being separated only after 4
fractionation steps using Heparin-Sepharose chromatography. This data suggests a
strong binding interaction between these two components. | found no evidence for a
direct interaction using the yeast two-hybrid (Chapter 3) or studies using transiently
overexpressed Flag-Upfl (Chapter 4), so in this section of work | performed an
investigation of the interaction between Upfl and p66 in FLP-IN Hela cells. The
rationale behind this approach was that this system could be utilised, in principle, to
demonstrate functionality of a tagged derivative of Upfl, and could serve as the basis
for a strategy to identify Upfl mutants with phenotypes associated with a role in

genomic stability.

Endogenous Upfl and p66 co-immunoprecipitated in nuclear extracts from
asynchronous Hela cells (Figure 5.2), although this reflected an extremely small
fraction of both proteins. Consistent with the notion that p66 is solely involved in DNA
replication, while Upfl appears to play a role in a range of surveillance pathways in
multiple cellular locations, Upfl was more easily detected in p66 immunoprecipitates
than p66 in Upfl immunoprecipitates (Figure 5.2). These immunoprecipitation
experiments were also very sensitive to wash conditions used in processing steps (data
not shown), and | could not consistently identify PCNA in these complexes. Repeated
attempts to optimise wash conditions through titration of both detergent and salt
concentration did not significantly increase the amount of either protein co-

immunoprecipitated (data not shown). A potential refinement to the current protocol
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would be to induce chemical cross-links within cells, forming covalent bonds between
cysteine residues on neighbouring proteins. This may stabilise these weak interactions
during immunoprecipitation, a technique utilised previously to demonstrate

interaction of Upfl with CBP80 (Hwang et al., 2010).

In an attempt to generate a genetically tractable system for the analysis of the
Upfl-p66 interaction, | expressed tagged forms of each protein simultaneously in FLP-

res

IN Hela cells and demonstrated Flag-Upfl™ co-immunoprecipitated ectopically
expressed GFP-p66 (Figure 5.4b). Using this approach, | demonstrated that S42 in

Upfl, a residue required for chromatin recruitment, is also required for the interaction

with GFP-p66 (Figure 5.4b).

It cannot be concluded from this data that an interaction with p66 is the
mechanism by which Upfl associates with chromatin. As discussed previously (Chapter
4) purified Upfl has been shown to bind directly to oligonucleotides and act as both a
DNA, as well as an RNA helicase (Li et al., 1992) Dehghani and Sanders, unpublished),
and it is conceivable that changes in the conformation of the N-terminal region of Upfl
induced by the S42A mutation precludes a direct association with DNA. Further
studies, involving a comparative biochemical analysis of DNA binding and helicase
activity of wild-type, S42A, and potentially S42E mutants, together with a differential
proteomic analysis of the interactomes of the nuclear forms of Upfl may help to

provide mechanistic evidence of the role of p66 in Upfl chromatin recruitment.

At least two explanations can be proposed to explain the very low
stoichiometry of association detected between Upfl and p66 from Hela cells. One

possibility is that Upfl and p66 do not interact directly, and form a weak association as
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constituent parts of a larger replication complex that fails to survive extraction
conditions used. Upfl has been demonstrated to co-immunoprecipitate the p125 pold
subunit (Azzalin and Lingner, 2006b), and therefore Upfl may interact with p66
indirectly through an interaction with alternative pold subunits. However, Upfl does
not co-purify with the p125 subunit in bovine thymus extracts or co-
immunoprecipitate the p50 subunit in Hela cells (Carastro et al., 2002), suggesting p66

is the most likely candidate subunit by which Upfl interacts with polé.

A second potential explanation is that a direct interaction does occur, possibly
involving the association of the N-terminal region of Upfl with p66; however while
necessary, these elements may not be sufficient for stable association. An additional,
post-translational modification(s) of either or both p66 and Upfl may be required, but

might be expected to be a regulated, and possibly rare, event in Hela cells.

Given that Upfl had been proposed to act at, or close to, replication forks,
(Azzalin and Lingner, 2006a, b; Muller et al., 2007a) a reasonable initial hypothesis was
that the extent of interaction may be elevated during S-phase. When
immunoprecipitations were performed using extracts generated from S phase-
enriched cells, the interaction between Upfl and p66 was reduced or absent (Figure
5.4a and data not shown). This result was initially surprising, however taken together
with the absence of early S-phase arrest in Upfl-depleted cells (discussed above), and
the effects of Upfl mutants on telomere integrity (discussed below), it suggests the
interaction between Upfl and p66 does not occur throughout S-phase and is a rare
event, at least in Hela tissue culture cell models, posing the question as to why Upfl

co-purified with p66 in bovine thymus extracts (Carastro et al., 2002).
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The thymus gland is an immune tissue involved in the maturation of T-cells
(Nishino et al., 2006), which undergo rapid clonal cell divisions upon antigen
recognition (Mueller et al., 1989). As a result, it is unusual in that it contains significant
quantities of somatic cells that express high levels of telomerase (Liu et al., 2001),
necessary to prevent rapid telomere shortening and cellular senescence (Reviewed in
Shay and Wright, 2005). Interestingly, tissue-specific TERRA expression in mice has
been shown to be the highest in the thymus gland (Schoeftner and Blasco, 2008). High
level expression of TERRA in these tissues correlates with the need to suppress high
levels of telomerase activity during normal DNA replication (Redon et al.,, 2010).
Assuming the same is true in the bovine thymus, the proposed requirement for Upfl in
TERRA degradation for both telomere replication and end processing during late S-
phase will be much greater in this tissue than in Hela cells, shown to express relatively

low levels of TERRA (Azzalin et al., 2007; Schoeftner and Blasco, 2008).

Upfl has been proposed to interact with pol® at telomeres to displace TERRA
ahead of the progressing replication fork during lagging strand DNA synthesis (Azzalin
et al.,, 2007). Upfl knockdown, however, generated only mild defects at lagging
strands, with defects occurring predominantly at leading strand telomeres (Chawla et
al., 2011). Leading strand synthesis uses the (AATCCC), telomeric strand as a template
during semi-conservative DNA replication. The TERRA molecule (UUAGGG), also
referred to as the G-rich strand) is transcribed from, and hybridises with, this strand
during early S-phase (See Figure 1.6) (Schoeftner and Blasco, 2008). The 5’-3° RNA

helicase activity of Upfl was proposed to displace TERRA from the (AATCCC), strand in
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late S-phase, allowing pole-mediated leading strand synthesis (Chawla et al., 2011),

suggesting the primary function of Upfl at telomeres does not involve polb.

However, minor defects detected at lagging strands in these cells (Chawla et al.,
2011) suggested secondary Upfl functions involving polé contribute to telomere
integrity. C-rich TERRA transcripts (CCCUAA),, originating from the (TTAGGG),
telomeric DNA strand are almost undetectable in cells (Azzalin et al., 2007; Schoeftner
and Blasco, 2008). However, it is possible that trace amounts of this C-rich TERRA
hybridises with the (TTAGGG), telomeric strand and prevents lagging strand DNA
synthesis. Therefore, albeit at a much lower frequency than at leading strands, Upfl
may interact with pol§, via p66, to degrade C-rich TERRA and facilitate lagging strand
synthesis in late S-phase, explaining the very weak interaction observed in
asynchronous Hela cells (Figure 5.2). Proportionately higher levels of both G- and C-
rich TERRA in bovine thymus may require extensive Upfl-dependent regulation at both
leading and lagging strands. Interactions with pol§, and potentially polg, in this tissue
will therefore be significantly higher than in Hela cells, allowing the co-purification of

Upfl and p66 from this tissue.

Thus, a role for Upfl in global DNA replication appears unlikely, as Upfl
knockdown did not generate an early S-phase arrest (Figure 5.1) and the weak
interaction with p66 was absent in S-phase enriched cells (Figure 5.2). TERRA
degradation is known to occur in late S-phase (Porro et al., 2010). The relatively crude
method of S-phase enrichment used in this study, not designed to generate late S-
phase cells, may have inadvertently enriched for a population of cells in which this

interaction is rare or absent. If Upfl is required to displace TERRA transcripts late in S-
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phase, then a reasonable prediction would be that Upfl is targeted to either leading or
lagging strand polymerases in late S-phase. The use of an alternative cell
synchronisation method, such as timed release from a double thymidine block
(Reviewed in Ma and Boon, 2011), would allow this interaction to be assessed at

specific S-phase stages to confirm or refute this hypothesis.

5.6.3 Upfl-dependent genomic stability is dependent upon motifs required for

both chromatin recruitment and RNA decay

When this work was initiated, the loss of genomic stability in Upfl-knockdown
cells, as demonstrated by the detection of yH2AX, was suggested to be the
consequence of a failure of global S-phase progression, dependent on the interaction
of Upfl with chromatin (Azzalin and Lingner, 2006a, b). However, as discussed above, |
was unable to reproduce these findings. However, | demonstrated that Upfl
knockdown did induce significant levels of yH2AX, confirming that, irrespective of
global S-phase progression, depletion of Upfl in Hela cells resulted in genomic
instability (Figure 5.6). This effect was rescued by expression of Flag-Upf1™,
demonstrating this was not an off-target effect of the siRNA. The appearance of
double strand breaks, as indicated by increased levels of YH2AX, might be expected to
bring about the activation of one or more cell cycle checkpoints, and affect the cell
cycle profile observed in Upfl-depleted cells. | observed an increase in the G2/M
fraction in Upfl-depleted cells compared to controls (9.8% to 14%, Figure 5.1),
however it was not clear whether this was a direct consequence of Upfl depletion, as

expression of Flag-Upf1™ failed to restore the cell cycle distribution to that of control

cells. The significance of this observation remains unclear, although it is conceivable
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that the induced levels of Flag-Upfl (Figure 5.1a) were insufficient to rescue this

phenotype.

| also investigated whether Upfl recruitment to chromatin, proposed to target
Upfl to sites of DNA replication, was required for the Upfl-dependent maintenance of
genomic stability. Unfortunately, due to time restrictions, | was unable to perform a
comprehensive analysis of the specific role of S42, a motif identified as essential for
chromatin recruitment. However, | was able to assess the ability of FIag—Upflresm'gl,
which | also demonstrated was unable to associate with chromatin, to rescue the
effects of Upfl knockdown on genomic stability. Unlike full-length Flag-Upf1™,
expression of this mutant in Upfl-knockdown cells did not prevent the accumulation of
YH2AX; indicating motifs located within the N-terminal 91 amino acids are required for
both Upfl chromatin recruitment, and function in the maintenance of genomic

resA1-91

stability. Flag-Upf1 was expressed at relatively low levels in this experiment, and

this could be proposed as a reason why this mutant failed to rescue the effect of Upfl

knockdown. However, comparable levels of Flag-Upf1™®

expression rescued this
phenotype in previous experiments, suggesting the lack of the N-terminal 91 amino

acids, rather than the expression level of this mutant, was the reason for the failure to

prevent the accumulation of yH2AX.

The NMD pathway has been shown not to be involved in the maintenance of
genomic stability, as deletion of core components essential for NMD (such as Upf2)
have no effect on genomic integrity (Azzalin and Lingner, 2006b). However, the
helicase function of Upfl is required for genomic integrity, as expression of the K509Q

mutant lacking helicase activity did not rescue telomere replication in the absence of

173



Upfl, a phenotype demonstrated previously to generate yH2AX foci at telomeres

(Chawla et al., 2011).

As described previously, during the process of NMD, cycles of Upfl
phosphorylation and dephosphorylation have been shown to be essential for
remodelling of RNA-containing macromolecular complexes and RNA decay (Chapter 1)
where phospho-Upfl serves as a scaffold for recruitment of mRNA decapping,
deadenylation and exonucleolytic decay factors (Lejeune et al., 2003; Ohnishi et al.,
2003; Okada-Katsuhata et al., 2012). In contrast, the precise role of phosphorylation of

chromatin-associated Upf1 for the maintenance of genomic integrity is unclear.

In the work presented in Chapter 4, | generated a Upfl mutant unable to
function in NMD, as it lacks both N- and C-terminal essential phosphorylation sites
required for recruitment of components essential for RNA decay. The availability of
this mutant allowed me to directly investigate whether the lack of availability of
phosphorylation sites required for Upfl NMD functions were required for genomic

resAAA

stability. Expression of Flag-Upfl in cells depleted of Upfl resulted in very high
levels of yH2AX. Expression of this mutant in cells that retained normal levels of
endogenous wild-type Upfl also generated levels of YH2AX greater than that observed

AAA . . . .
e acts in a dominant-negative fashion

in control cells, suggesting that Flag-Upfl
(Figure 5.7, lanes 6 and 10). These results demonstrate that Upfl phosphorylation site

motifs required for NMD function are also essential for the maintenance of genomic

stability.

In conclusion, Upfl regions and/or sites demonstrated previously to be
essential for chromatin recruitment, and NMD function, are both essential for the
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maintenance of genomic stability. The 91 amino acid region deleted in Flag-Upf1"*21°?

encompasses multiple candidate PIKK phosphorylation sites (S/TQ motifs, S10, T28,
S42, T44) in addition to the PRD, and from these data, | cannot distinguish whether the
failure of this mutant to maintain genomic integrity is as a consequence of a failure in
S42-mediated chromatin association, T28 phosphorylation, or the lack of other N-
terminal motifs. It will be important to identify the specific N-terminal motif(s) that
contribute to this phenotype, and investigate whether S42 is essential for the

res342€ is associated with

maintenance of genomic stability. The finding that Flag-Upfl
chromatin suggests a model in which phosphorylation at this site (or perhaps at T44)
by a PIKK promotes chromatin association, which is likely to be required for the
maintenance of genomic stability. The genomic instability in cells expressing Flag-
Upfl”ESAAA suggests that there is likely to be significant overlap in the basic mechanism
governing Upfl function in maintaining genomic integrity and its role in RNA decay
pathways. Because Upfl undergoes cycles of phosphorylation and dephosphorylation
to facilitate helicase progression and RNA decay during NMD, it will be important to
investigate the effects of combined and individual phospho-mimetic mutants on
genomic stability; a similar requirement would predict that expression of the phospho-

mimetic mutant Flag-Upf1"*t, like its un-phosphorylatable counterpart Flag-

Upf1™** would result in loss of genomic stability.

5.6.4 Functional analysis of Upfl at telomeres

Upfl has been shown to bind to telomeric DNA and is involved in the
degradation of TERRA (Azzalin et al., 2007). While the work described in this thesis was

underway, Chawla and colleagues reported that Upfl was directly involved in the
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replication of telomeric DNA tracts, and required the ATPase/helicase activity of Upfl
(Chawla et al., 2011). | therefore chose to explore the functional role of Upfl motifs
essential for chromatin recruitment and RNA decay in the maintenance of telomere

integrity.

Upfl knockdown caused a significant loss of telomeres (Figure 5.10), at a
frequency consistent with data obtained by Azzalin and colleagues (Azzalin et al., 2007;
Chawla et al., 2011). | also observed an increased frequency of telomere fragments in
these cells, regions of telomeric DNA that have broken away from a chromosome
(Figure 5.8b, inset image). Telomeres have been reported to resemble genomic fragile
sites (Sfeir et al., 2009) and RNA-DNA hybrids have been reported to cause replication
fork collapse, and double strand break formation at genomic regions (Alzu et al., 2012).
While | did not quantify these abnormalities, they suggest that double strand breaks
may form at telomeres when TERRA-DNA hybrids cannot be resolved, and therefore
Upfl may function to prevent site fragility at a subset of telomeres. This could explain
the loss of telomeric tracts observed in Upfl knockdown cells, and quantification of
these abnormalities, and their prevalence in the presence of Upfl mutants, would be

an interesting line of further study.

res

Importantly, telomere loss was rescued by Flag-Upf1™ expression, confirming a

direct involvement of Upfl in telomere replication. Interestingly, telomere loss was not

rescued in Upfl knockdown cells expressing Flag-Upf1™s***

(Figure 5.9);
demonstrating Upfl function in telomere replication is predicated on the ability of

Upf1l to interact with chromatin. Confirmation that Flag-Upf1™***** does not interact
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specifically at telomeres could be achieved by chromatin immunoprecipitation (ChlP)

assays to further support this data.

The PIKK ATR has been reported to regulate both the association of Upfl with
chromatin (Azzalin and Lingner, 2006b) and the interaction of Upfl with telomeric DNA
(Chawla et al., 2011). However, in the former case, ATR depletion was shown to
partially reduce the extent of Upfl association with chromatin only after treatment
with ionising radiation, which appears to increase the levels of chromatin-associated
Upfl, compared to those observed during normal S-phase progression (Azzalin and
Lingner, 2006). Thus the significance of this observation with respect to Upfl-
chromatin association during normal S-phase progression is not clear. In the latter
case, ATR depletion reduced Upfl association with telomeric DNA by about 50%. To
date, the sites of phosphorylation of Upfl by ATR have not been identified either in
vitro or in vivo. However the data presented here indicate that, should ATR be found to
be responsible for mediating the recruitment of Upfl to chromatin during S-phase,
then it must do so via phosphorylation of a site(s) distinct from those canonical sites
(T28, S1096, S1116) already implicated in RNA decay mechanisms. One attractive
possibility is that more than one PIKK is involved in the process of chromatin
recruitment, and that this is achieved via the phosphorylation of S42. Quantitative
analysis of the phosphorylation state of S42 (and possibly T44) on chromatin-
associated Upfl following knockdown of distinct PIKKs implicated in genomic stability

will be required to test this hypothesis.

This result did not provide evidence for the specific function of Upfl at

telomeres however. Accumulation of TERRA and telomere loss observed in cells
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depleted of Upfl, SMG1 or SMG6, but not Upf2, suggests that a Upfl-mediated RNA
decay pathway, in part, may also contribute to telomere replication (Azzalin et al.,
2007). In agreement with these findings, data presented in this study support the
hypothesis that NMD-like functions of Upfl are involved in both genomic stability and
telomere homeostasis (Figures 5.7 and 5.9). However, contrary to as presented by
Azzalin and Lingner., 2006, knockdown of endogenous Upfl did not generate an S-
phase arrest in this study (Figure 6.1), highlighting the need to re-examine other
previously described observations. While suggested to be not required for genomic
stability and telomere homeostasis (Azzalin and Lingner, 2006b), it will be important
for me to re-examine the role of Upf2 in these processes, to clarify whether the

mechanisms involved in NMD are also fundamental to the role of Upfl in the nucleus.

Flag-Upf1™**** was unable to rescue telomere loss in the absence of
endogenous Upfl (Figure 5.9) suggesting phosphorylation of T28, S1096 or S1116 in
isolation or in combination may regulate recruitment of factors required for RNA
decay. TERRA transcripts bound to telomeres have been shown to lack a poly-A tail
(Porro et al., 2010), and knockdown of SMG7 did not generate significant telomere loss
(Azzalin et al., 2007). This implies, indirectly, that TERRA transcripts may not
necessarily be degraded from the 3’ end and the interaction of SMG5:7 with phospho-
S$1096 (Okada-Katsuhata et al., 2012) may be dispensable at telomeres. SMG1 has
been demonstrated to mediate the interaction of SMG6 with Upfl through
phosphorylation of T28 during NMD (Okada-Katsuhata et al., 2012) and TERRA has
been proposed to be degraded by the SMG6 PIN domain (Azzalin et al., 2007). The

generation of distinct cell lines expressing either N-terminal (T28) or C terminal (51096,

178



S$1116) unphosphorylatable mutants will be necessary to test whether TERRA

degradation involves redundant or non-redundant processes.

5.6.5 Multiple PIKKs may target distinct Upfl motifs to target TERRA degradation

The data discussed above suggest a model where both SMG1 and ATR may
contribute to the function of Upfl at telomeres. ATR may become activated and
phosphorylate Upfl in response to replication fork stall at TERRA foci, or by TERRA
inhibition of the RPA-POT1 switch during end processing (Flynn et al., 2011), causing
Upfl recruitment to these telomeric regions. Additional phosphorylation by SMG1 may
then occur at T28 and potentially C-terminal motifs, stimulating Upfl helicase activity
(Fiorini et al., 2012) and remodelling of the TERRA molecule, allowing nucleolytic
degradation through interactions with SMG6. However, small molecule mediated
inhibition of DNA-PK kinase activity was recently shown to bring about an increase in

TERRA foci (Le et al., 2013), suggesting multiple PIKKs may contribute to this process.

5.6.6 A loss of genomic stability in Upfl knockdown cells may arise from a failure

of telomere replication

A source of the genomic instability generated by Upfl knockdown may
represent a failure to degrade TERRA at telomeres during late S-phase. Stretches of
RPA-bound ssDNA during end processing or replication fork stall at unresolved TERRA

foci are predicted to activate a DNA damage response (Luke and Lingner, 2009).

Upfl knockdown was reported to induce yH2AX foci at telomeres (Chawla et
al., 2011) and the failure of Flag-Upf1™**®* to rescue yH2AX accumulation in Upfl
knockdown cells may be a result of the inability of this mutant to be recruited to sites

of TERRA-induced replication stress at telomeres. Flag-Upf1"***A also lacking
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chromatin interaction, was shown to be unable to rescue telomere loss induced by
Upfl knockdown. The telomere loss and accumulation of yH2AX at telomeres
demonstrated by Chawla and colleagues, (2011), correlates with the similar
phenotypes | observed when Upfl mutants lacking chromatin interaction were
expressed in Upfl depleted cells. Taken together, these data suggest the maintenance
of telomere integrity, and ultimately genomic stability, may be dependent upon the

interactions of Upfl with chromatin.

The dominant negative effect on genomic stability demonstrated by Flag-
Upf1™*** may be the consequence of this mutant binding telomeric DNA at TERRA
foci, but which subsequently is unable to undertake Upfl-mediated RNA decay
functions, in the absence of either N- or C-terminal PIKK phosphorylation sites required
for the recruitment of additional decay factors. The physical presence of this non-
functional Upfl mutant at these sites may prevent activity of wild-type Upfl or other
functionally related helicases and cause a prolonged DNA damage response, evidenced

by increased levels of yH2AX.

5.7 Upfl functions during S-phase to regulate a subset of telomeres

Upfl was proposed to function in DNA replication through interactions with
pold, however in this chapter | have demonstrated Upfl knockdown does not generate
a cell cycle arrest and the interaction with the p66 pold subunit does not appear to
occur in S-phase enriched cells. Therefore | conclude that Upfl does not function in
global DNA replication, and the genomic instability in the absence of Upfl reflects
failures in telomere homeostasis. Upfl motifs associated with both chromatin

recruitment and RNA decay were demonstrated to be essential for telomere
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replication during S-phase, suggesting the basis for a mechanism of PIKK-dependent

Upfl-mediated regulation of telomere integrity in the nucleus.
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Chapter 6 General discussion and future perspectives

The aim of this study was to investigate the role of Upfl in DNA replication and
genomic stability during S-phase. Hela cells in which Upfl was knocked down had
previously been demonstrated to be unable to replicate DNA and accumulated
markers of genomic instability (Azzalin and Lingner, 2006b). Upfl was therefore
proposed to be essential for DNA replication (Azzalin and Lingner, 2006a), acting as a
replicative helicase, associated with pol 0, via the p66 subunit with which it had been
shown previously to co-purify and co-immunoprecipitate (Carastro et al., 2002). These
functions of Upfl were demonstrated to be independent of the canonical NMD
pathway (Azzalin and Lingner, 2006b), suggesting the role of Upfl in S-phase may be
distinct from its role in the regulation of mRNAs containing premature termination

codons.

Subsequently, Upfl was also implicated in the intra- S phase checkpoint linking
replication origin firing with histone supply via regulation of histone mRNA levels
(Muller et al., 2007b) and it was suggested that Upfl, acting at the replication fork,
might be the focus for signalling pathways to co-ordinate DNA replication and histone
mMRNA decay (Azzalin and Lingner, 2006a; Kaygun and Marzluff, 2005a; Muller et al.,
2007a). One potential implication of these observations was that regions or domains of
Upfl that are responsible for ensuring an interaction with p66 might be functionally
distinguishable from those required for NMD. The long-term aim therefore was to
develop approaches aimed at understanding how regulation of Upfl facilitates its

apparently pleiotropic functions.
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There were three lines of study: investigation of the interaction between Upfl
and the p66 pold subunit; characterisation of Upfl motifs essential for S-phase
chromatin recruitment, and, finally the analysis of Upfl interactions and functions

during S-phase.

| attempted to investigate the interaction with p66 in the yeast two-hybrid
system, with the aim of identifying unique Upfl motifs required for this interaction.
Unfortunately | was unable to recapitulate this interaction using this system. Because
the association of Upfl with chromatin has been proposed to be regulated by ATR
(Azzalin and Lingner, 2006b), a PIKK kinase activated by replication stress (Mordes and
Cortez, 2008), | attempted to establish whether elevated levels of replication stress
might result in a detectable interaction between p66 and Upfl in the yeast two-hybrid
system. No interaction could be detected. Subsequently, | was unable to determine
whether appropriate signalling could be generated in the yeast system, and concluded

that the yeast two-hybrid was not suitable for the study of this interaction.

Through the generation of a library of stable HelLa FLP-IN cell lines, capable of
expressing tagged-Upfl mutants, | identified Upfl S42 as an essential amino acid
residue required for the interaction of Upfl with chromatin during S-phase. | have
provided evidence that phosphorylation at this motif may target Upfl to chromatin,
although this requires in vivo confirmation by identification of the relevant

phosphorylated form of Upfl in vivo.

In my hands, Upfl knockdown did not cause S-phase cellular arrest and
interaction with p66 was not increased in S-phase enriched cells, leading to the

conclusion that Upfl does not function to sustain global DNA replication. This
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conclusion then raised questions as to the role of Upfl at chromatin during S-phase, if
not global DNA replication.
6.1 Upfl may undergo nuclear-specific signalling events during telomere

replication

Upfl motifs required for NMD were shown to be dispensable for chromatin
recruitment, demonstrating the mechanism by which Upf1 is recruited to chromatin
must be distinct from that which targets Upf1 to perform NMD. However, the function
of Upfl in the maintenance of telomere integrity was shown to be dependent upon
Upfl chromatin recruitment and, perhaps surprisingly, motifs required for NMD.
Similarly, these motifs were essential for the role of Upfl in the maintenance of
genomic stability, suggesting the genomic instability arising from Upfl knockdown in
the absence of extrinsic genotoxic stress is likely to represent, at least in part, a failure
of Upfl-dependent processes at telomeres. These data presented a potential
mechanism by which Upfl is capable of differentially functioning in both cytoplasmic
mRNA surveillance and the nuclear, S-phase specific events essential for the
maintenance of genomic stability.
6.2 Multiple PIKK-mediated phosphorylation events may target, and then activate

Upfl at telomeres

SMG1 is found both in the nucleus and cytoplasm (Brumbaugh et al., 2004),
consistent with the function of SMG1 in the decay of cytoplasmic PTC mRNAs
(Yamashita et al., 2001). Upfl motifs (T28 and S1096) are phosphorylated by SMG1
during NMD (Okada-Katsuhata et al., 2012) and the majority of phospho-Upfl in the
cell has been demonstrated to be cytoplasmic (Pal et al., 2001). ATR however, shown

to regulate the recruitment of Upfl to chromatin after replication stress (Azzalin and
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Lingner, 2006b), is thought to function exclusively in the nucleus (Abraham, 2001).
Therefore, the nuclear and cytoplasmic compartments present distinct signalling
environments to Upfl proteins, potentially allowing different Upfl phosphorylation
events in either location. Combined phosphorylation of both sets of motifs on a single
Upfl molecule, within the nucleus, may be a mechanism of targeting Upfl to
participate in RNA processing functions that are common to both NMD and telomere

maintenance and | propose the following model.

The presence of stretches of RPA-bound ssDNA generated at telomeres by
TERRA-induced replication fork stall, or inhibition of telomere protection, is likely to be
recognised by, and bring about the activation of ATR. Nuclear Upfl may then be
phosphorylated, potentially at S42, causing recruitment to these regions through

binding to DNA and/ or pol §/«.

Upfl interactions with chromatin appear to be Upf2-independent, and Upf2
knockdown did not generate significant telomere defects in earlier studies (Azzalin et
al., 2007). This suggests stimulation of Upfl helicase activity, demonstrated to be
essential for telomere replication (Chawla et al., 2011), occurs through the
displacement of the CH domain by interactions with DNA, pol &/ or currently

unknown telomeric proteins.

Through initiation of a sequence of events similar to the post-EJC stages of
NMD, nuclear SMG1 then may additionally phosphorylate telomere-bound Upfl at
T28, or in combination with S1096 and S1116, to further stimulate helicase activity and

recruit SMG6, the proposed nuclease involved in TERRA decay (Azzalin et al., 2007;
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Huntzinger et al., 2008). The subsequent remodelling, displacement and decay of

TERRA at telomeres then may allow appropriate replication of these regions.

6.3 Upfl may also have non-telomeric functions on chromatin during S-phase

My data, consistent with previous studies (Azzalin and Lingner, 2006b)
demonstrated a small fraction of Upfl is recruited to chromatin during S-phase. This
recruitment has been reported to be initiated in late G; (Azzalin and Lingner, 2006b)
and peak during S-phase. The function of Upfl at telomeres will be required in late
S/G, and therefore a key question that needs to be addressed is why, if Upf1 recruited

to telomeres in late S-phase, Upf1 is also recruited to chromatin throughout S-phase.

Knockdown of Upfl was demonstrated to cause yH2AX foci at telomeres,
however non-telomeric yH2AX foci were also present in these cells (Chawla et al.,
2011). Upfl therefore may be involved in the resolution of DNA damage at genomic
regions. However, a wide range of well-characterised DNA helicases (RECQL1, BLM,
WRN, RECQL4 and RECQL5) function in the resolution of DNA damage at genomic sites
(Reviewed in Brosh, 2013).

An unexplored possibility is that Upfl may function to degrade TERRA at
genomic DNA regions during S-phase. Interstitial telomere sequences, stretches of
(TTAGGG/AATCCC),, DNA located in non-telomeric, genomic loci have been reported in
mammalian cells (Azzalin et al., 1997; Lin and Yan, 2008) and are bound by shelterin
components (Mignon-Ravix et al., 2002). It is plausible therefore, that TERRA also
hybridises with these ‘mini-telomeres’ during S-phase and presents physical barriers to
replication forks, similar to the R-loops generated at other RNA polymerase Il

transcribed regions (Mclvor et al., 2010). Upfl may be recruited to these genomic sites
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during S-phase, to resolve these specific RNA-DNA hybrids and allow replication fork
progression.
6.4 The role of Upfl in histone mRNA decay (HD) may be coupled to interactions
with chromatin
| did not investigate the role of Upfl in Histone mRNA decay (HD) in this study,
so cannot discount the possibility that interaction of Upfl with chromatin during S-

phase is linked to this process.

The discovery that the majority of histone mRNAs degraded during HD were
CBP80-bound (Choe et al., 2013) suggests these are immature mRNAs, which have not
undergone pioneer round translation in the cytoplasm. While it is plausible that these
mRNAs are specifically degraded in the cytoplasm as they leave the nucleus, data from
Rattray and colleagues demonstrated alternative splicing of HBP/SLBP in response to
replication stress may cause nuclear retention of histone mRNAs (Rattray et al., 2013).

Certain PTC-containing transcripts have been demonstrated to be retained at
their site of transcription on DNA by Upfl and SMG6 and not subjected to intron
splicing (de Turris et al., 2011), therefore cannot be degraded by EJC-dependent
mechanisms. Histone mRNAs also lack introns, so it is a possibility that upon
replication stress, alternative splicing of HBP/SLBP and PIKK dependent Upfl
phosphorylation/SMG6 recruitment causes the retention, and decay, of histone

mMRNAs as they are transcribed.

6.5 Cyclin-cdk and/ or cdc7/ASK activity may regulate Upfl chromatin recruitment
The functions of Upfl in telomere regulation and HD do not explain why Upf1

interacts with chromatin in the apparent absence of replication stress. The recruitment
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of Upfl to chromatin in late G; demonstrated by Azzalin et al., 2006, suggests Upfl
chromatin recruitment occurs prior to S-phase entry (Azzalin and Lingner, 2006b). One
possibility is the recruitment of Upfl to chromatin, in the absence of replication stress,
may be a PIKK-independent, cell cycle-regulated event. Strikingly, the recruitment of
Upfl to chromatin follows the pattern of cyclin E expression, which together with
cdk2, phosphorylate key proteins to cause entry into S-phase, and the activity profile
of cdc7/ASK, required for the initiation of DNA replication through the firing of licensed

replication origins (Reviewed in Hochegger et al., 2008; and Jares et al., 2000).

The Upfl region surrounding S42 (TLPSQTQTPP) does not display a classical
cdk2 consensus motif (S/T-P-X-K/R) (Ubersax and Ferrell, 2007), but phosphorylation of
this site in late G; induced directly or indirectly by cyclin-E/cdk2 or cdc7/ASK, both of
which target serine/threonine containing consensus motifs (Pines, 1995; Sato et al.,

1997) may cause nuclear Upf1 to interact with chromatin.

The recruitment of Upfl to chromatin as cells begin to replicate their genome
may sequester a population of Upfl within the nucleus, preventing its cytoplasmic
export. While not actively participating in DNA replication, a readily available pool of
Upfl in close proximity to regions of DNA replication would allow signalling events
associated with replication arrest to be rapidly transduced onto the population of

nuclear histone mRNAs or TERRA foci at telomeres.

The functions of Upfl in cytoplasmic mRNA surveillance are largely governed by
two factors, the phospho-status of Upfl, and the relative amount of proteins required
for specific surveillance pathways. NMD becomes down-regulated during

development, where increased expression of Staufenl preferentially targets Upfl to
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interact with Staufenl-bound mRNAs, instead of NMD targets (Gong et al., 2009).
Histone gene expression steadily increases in late G;, prior to a dramatic increase in
expression as cells enter S-phase (Azzalin and Lingner, 2006b; Harris et al., 1991).
HBP/SLBP expression also increases during S-phase, to allow the efficient processing of
these high levels of histone mRNA. Upfl has been demonstrated to co-
immunoprecipitate HBP/SLBP (Kaygun and Marzluff, 2005a), and high levels of
HBP/SLBP-bound histone mRNA present in the nucleus during S-phase may bias the

interaction of nuclear phospho-Upfl with HBP/SLBP over NMD proteins.

The function of Upfl in S-phase specific pathways may be governed by
signalling events that alter the affinity of Upfl for its respective nuclear interactions.
Upfl may be loosely tethered to chromatin after phosphorylation of S42. In response
to replication stress, PIKK-mediated phosphorylation of additional N-terminal motifs
may generate conformational changes in the N-terminal structure that increase the
affinity of Upfl for proteins such as HBP/SLBP or telomere components.
Conformational changes in Upfl structure have been demonstrated previously to
modulate the affinity of Upfl for nucleotides during NMD (Chakrabarti et al., 2011;
Chamieh et al., 2008) and as | did not investigate chromatin recruitment in response to

replication stress, this possibility needs to be explored further.

Interestingly, both histone mRNAs and chromatin-bound TERRA share common
characteristics. Histone mRNAs lack introns and TERRA is non-coding, therefore both
will not be degraded by an EJC-dependent mechanism, they are both non-
polyadenylated and their decay is regulated by Upfl and ATR/DNA-PK in response to S-

phase specific stimuli. It is entirely possible therefore the distinct roles of Upfl in HD

189



and telomere regulation are also temporally regulated during S-phase. The CyclinA-
dependent degradation of HBP/SLBP at the end of S-phase may remove the bias for
chromatin associated Upfl to perform histone mRNA decay, allowing replication stress
originating from TERRA hybrids to cause Upfl recruitment to telomeres. Upfl may
therefore perform a biphasic function at chromatin during S-phase, regulated by both

cyclin/cdc7 expression and replication stress-dependent PIKK activity.

In conclusion, this study has demonstrated Upfl is not involved in global DNA
replication, but performs specific functions within the nucleus during S-phase that are
separable from cytoplasmic mRNA surveillance. The identification of a novel Upfl
motif (S42) has highlighted the role of Upfl chromatin recruitment in telomere

replication and the maintenance of genomic stability in human cells.

6.6 Future perspectives

Chromatin bound Upfl was demonstrated to be phosphorylated on S/T-Q
motifs (Azzalin and Lingner, 2006b) and the SQ motif found at serine 42 is a consensus
motif for PIKK phosphorylation. ATR and SMG1 are known to contribute to Upfl
phosphorylation and chromatin recruitment in vivo (Azzalin and Lingner, 2006b;
Kashima et al., 2006). The discovery that DNA-PK can phosphorylate Upfl in vitro at
serine 42 (R.Beniston, unpublished) is of interest, as DNA-PK has been implicated in
both the regulated decay of TERRA at telomeres and replication dependent histone
mRNA decay, two processes dependent upon Upfl (Le et al.,, 2013; Muller et al.,
2007b). Future work to establish whether S42 is phosphorylated will be required,
either by mass-spectrometric analysis of chromatin-bound Upf1, or via the generation

of an S42 phospho-specific antibody. As it was not technically possible to perform
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alanine substitution mutagenesis of T44 in this study, it will be important to determine
the requirement of T44 in Upfl chromatin recruitment and understand whether S42
alone, or in combination with this adjacent motif, is required for chromatin

interactions.

Phospho-mimetic substitution of S42 generated significantly increased Upfl
chromatin association. It would be of great interest to study the effects of phospho-
mimetic forms of Upfl motifs in both chromatin recruitment and telomere function.
While dependent upon S42, it is not clear whether modification of this motif facilitates
the binding of Upfl directly to DNA, or promotes the interaction of Upfl with
chromatin-associated proteins. Distinguishing these scenarios will be challenging and
require a combination of in vivo proteomic approaches to identify differential protein
interactions depending on the phospho-status of S42, and in vitro DNA binding assays

under conditions that either simulate, or preserve phosphorylation at S42.

| have demonstrated that the Upfl function at telomeres involves multiple
motifs, and this raises many questions as to the specific mechanism of action. The loss
of telomeres that arises after Upfl knockdown was not rescued by Flag-Upf1™#*,
suggesting both N- and C-terminal phosphorylation events may contribute to the
function of Upfl at telomeres. It will be necessary to establish individual FLP-IN cell
lines containing alanine substitutions at each of the residues T28, $1096 or S1116, and
to determine the consequences on telomere loss to identify the essential motifs
required for this process. As discussed previously, it is conceivable that cycles of

phosphorylation and dephosphorylation of Upfl are required for maintenance of

telomere integrity. It follows that in this case, FLP-IN cells expressing the relevant
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phospho-mimetic mutant might also be expected to interfere with maintenance of

telomere integrity.

Although an interaction between Upfl and the p66 pold subunit was
demonstrated here and previously, the majority of TERRA within the cell is found at
telomeric leading strands (Schoeftner and Blasco, 2008), which are replicated by DNA
polymerase €. Therefore an obvious future experiment would be to examine whether
Upfl interacts with pole, to understand how Upfl performs its primary function in

leading strand telomere synthesis (Chawla et al., 2011).

The telomere defects observed in Upfl knockdown cells were relatively rare,
and not universal to all chromosomes. It would be interesting to identify whether
these are fragile telomeric sites, common to a subset of chromosomes. This could be
performed using CO-FISH, where chromosomal and telomeric FISH probes are
hybridised to the same metaphase, identifying the chromosomes experiencing

telomere loss (Speicher et al., 1996).

Hela cells have been reported to express relatively low levels of TERRA
(Schoeftner and Blasco, 2008), therefore the demand for Upfl-dependent TERRA
degradation will be low in Hela cells. A refinement to the current protocol would be to
analyse the function of Upfl at telomeres in a high TERRA background. This could be
achieved two ways; either using a cell line that has been demonstrated to express high
levels of TERRA, such as mouse NS1 cells (Schoeftner and Blasco, 2008); or utilising the
FLP-IN Hela cell lines generated by this study in combination with transient

transfection of plasmid constructs expressing TERRA.
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A critical future experiment will be the identification of the specific kinase(s)
required for the S-phase functions of Upfl. SMG1, ATR and DNA-PK have been
proposed as candidate kinases involved in Upfl functions at telomeres (Azzalin et al.,
2007; Chawla et al.,, 2011; Le et al., 2013; Muller et al.,, 2007b) and this study).
Knockdown of individual PIKKs using RNA interference or chemically induced inhibition
of PIKK activity will shed light on the role of PIKKs in this process. It will also be very
interesting to explore the role of cyclin-cdks and cdc7/ASK in the recruitment of Upfl
to chromatin, and how this may regulate the role of Upfl in HD or telomere regulation

during S-phase.

My findings have given new insights into the mechanism by which Upfl is
recruited to chromatin and how this recruitment may be essential for the S-phase

specific functions of Upfl required to maintain genomic stability.
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