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Abstract

Human adenoviruses (Ads) are DNA viruses believed to hold potential as gene therapy vectors.
However, Ad vectors often express residual Eiteictural proteins, which stimulate immune
responses resulting in rapid clearance of the vector. Therefore a greater understanding of the
mechanisms controlling Ad late gene expression is required. During the late phase of adenovirus
5 (Ad5) infection itwas previously shown that a nuclear compartment involved in RNA
metabolism known as the Cajal body (CB) is disassembled frémpunctate domains per cell

into numerous microfoci. Furthermore, the marker protein of CBs, p80 coilin, was suggested to
play arole in the expression of Ad late phase proteins. However, the exact function of coilin in
Ad late protein expression is unknown. The aim of this investigation was to determine the roles

of coilin and additional CB proteins during Ad infection.

Immunofluoescence microscopy was utilised to investigate the redistribution of key CB
proteins following Ad5 infection of A549 cells. Whilst coilin was redistributed from CBs into
microfoci, another CB protein, termed survival of motor neuron (SMN), was redisttifsora

CBs into the nucleoplasm. To assess the roles of coilin and SMN during Ad5 infection, coilin
was depleted in A549 cells by RNA interference (RNAI). Cells were infected with Ad5 and the
virus yield, Ad proteins levels and Ad mRNA levels were asse&epletion of coilin reduced

the virus yield and decreased the synthesis of Ad early, intermediate and late phase proteins.
Although Ad mRNA expression was mostly unaffected, nuclear export of Ad mMRNAs was
abrogated in coilirdepleted cells. This indicatehat coilin plays a role in Ad mRNA transport.
Similar to coilin, SMN depletion significantly reduced the virus yield. However, in contrast to
coilin, SMN depletion resulted in significant decreases in the levels of Ad capsid proteins,
whilst nonstructual proteins were either increased or unaffected. SMN depletion was found to
reduce early gene transcription and altered alternative splicing patterns of Ad mRNAs. This
suggested that SMN plays a role in Ad transcription and mRNA splicing.

This investigatin uncovered the involvement of two CB proteins in two very distinct roles
during Ad infection. This is the first report suggesting a role for CBs in mRNA export. Further
study is now required to identify the exact function of coilin in Ad mMRNA exporthEtmore,
investigation of a role for coilin in cellular mMRNA export and mRNA export during infection
with other viruses is also warranted. Although SMN was known to play a role in cellular mMRNA
splicing, this is the first report indicating that SMN may ibgolved in splicing of virus
MRNAs. Additional work is required to define the precise function of SMN in transcription and

MRNA splicing during Ad infection and during infection with other virus species.
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Chapter 1 - Introduction



1.1 Introduction

Viruses are infectious agents able to replicate only within the oélla host organism.
Following entry to the host cell, there is a stepwise dismantling of the virus capsid in order to
release the viral genome for replication and gene transcription. Following protein translation,
virus genomes are packaged into neadgenbled capsids to form progeny virions which are
then released to infect neighbouring cells. However, due to their limited genome coding
capacity, viruses are not able to encode all the proteins required for their replication. As a result,
viruses have del@ped mechanisms of hijacking host cellular proteins in order to complete their

life cycles.

A prime cellular target of many viruses is the host cell nucleus, as it contains proteins required
for RNA and DNA polymerisation and processing as well as factapsired for the maturation

and release of new virus particles (reviewe@Gneco, 2009Zakaryan and Stamminger, 2011

The nucleus is the site for numerous cellular processes including DNA replication, RNA
transcription and ribosome assembly. In order to efficienttprdinate its many functions, the
nucleus is subdivided iatspecialised domains which include the nucleolus, promyelocytic
leukaemia nuclear bodies (PM\Bs) and Cajal Bodies (CBs). The nucleolus is primarily
involved in the biogenesis and assembly of ribosomes, CBs are involved in RNA metabolism
whilst PML-NBs have been implicated in diverse roles including transcriptional regulation,
apoptosis and immune surveillance. During virus infection, nuclear substructures are disrupted
and rearranged in order to facilitate virus replication (reviewedavalai and Stamminger,

2008 Greco, 2009Boulonet al, 2010. Most DNA viruses (with the exception of poxviruses)
replicate within the host cell nucleus, with key life cycle stages including DNA replicati
MRNA transcription and virus assembly occurring in this compartment. Although RNA viruses
replicate in the cytoplasm, they can also interact with the nucleus in order to promote genome

replication and mRNA transport (reviewedHiscox, 207, Hiscoxet al, 2010.

Considering their role in immune surveillance, it is unsurprising that multiple viruses including
adenovirus (Ad), herpes simplex virus 1 (HEVand varicella zoster viru¥ZV) reorganise
and/or degrade PMDNB components in order to subvert immune responkidisnéin ard
Hearing, 2008El Mchichi et al, 201Q Boutell et al, 2011 Cuchetet al, 2013 Jianget al,
20113 Wang et al, 201). Some viruses also interfere with the transcrigioregulatory
functions of PML:NBs; abrogation of the PMNB transcriptional repressor proteins Daxx and
SP100 appears to enhance viral transcription during infection with E@saeirvirus (EBV),

Ad and human cytomegalovirus (HCMVAdler et al, 2011 Kim et al, 2011 Tsai et al,

201Z% Schreineret al, 2013.



The nucleolus appears to play a key role in viral genome replication. The RNA virus Véest Nil
virus (WNV) and the DNA viruses HSY, Ad and HCMV redistribute certain nucleolar
proteins to viral genome replication centres, which appears to be necessary for replication
(Lawrenceet al, 2008 Calle et al, 2008a Stow et al, 2009 Lymberopoulos and Pearson,
201Q Stranget al, 2010; Strangt al, 2012;Xu et al, 201). The nucleolus is also required for
RNA trafficking during infetion with certain RNA viruses. Human immunodeficiency virus
(HIV-1) and herpes virus Saimiri (HVS) both hijack the nucleolus in order to traffic viral
MRNA from the nucleus to the cytoplasMi¢hienziet al, 200Q Michienziet al, 2002 Boyne

and Whitehouse, 2008Michienzi et al, 200§. The mRNA from these viruses is unsuitable for
trafficking alongside normal cellular RNA; HY mRNA is incompletely spliced, making it
prone to nonsengmediated decayHginberget al, 1986 Terwilliger et al, 1986 whilst HVS
MRNAs are intronlss thus cannot enter the usual mRNA export route that is intrinsically linked
to splicing Albrechtet al, 1992 Boyne and Whitehouse, 2006

In addition to the nucleolus, CBs also appear to play a role in viral RNA trafficking. During
infection with the RNA plant virus Groundnut Rosette virus (GRV), CBs are fragmented from
1-6 punctate domains per cell ansmaller, more numerous microfoci. This was shown to
promote the trafficking of the GRV movement protein ORF3 to the nucleolus, facilitating the
assembly of viral RNAprotein complexes required for viral spre&dng et al, 2007a Kim et

al., 2007h Canettaet al, 2008. Interestingly, similar CB microfoci have also been observed
during infection with the highly unrelated human DNA virus, Adelbeloet al, 1996
Rodrigueset al, 1999. Although it has been suggested that CBs are required for the expression

of Ad late proteinsJameset al, 2010, the role of the CB during Ad infection is still unclear.

A thorough understanding of viral life cycles is not only crucial for development of new anti
viral agents, but also for the safe use of viruses as vectors for geneytheaxapine and
oncolytic (cancekilling) regimens. To date, Ads account for the highest proportion of viral
vectors in clinical trials worldwide. As these Ad vectors are intended for use in the clinical
setting, it is imperative that the Ad lifecycle idlf understood in order to ensure vector safety
and efficacy. Unfortunately, although Ad early gene expression and DNA replication are well
characterised, the later stages of Ad infection, in particular the mechanisms controlling Ad late
gene expressiorgre less well defined. As CBs have been suggested to play a role in Ad late
protein expression, characterising the interaction of Ads with CBs may expand our knowledge

of the late phase of the Ad lifecycle.



1.2 Adenoviruses

1.2.1 Adenovirus classification

In 1953, an infectious agent was extracted from human adenoids and was later termed
6adenovi Raweed al, (1958 Ende¢set al, 1956. By the late 1960s, over 30 related
isolates had been isolated and classified according to neutralisation prof&isgienget al,

1967). Members of thé\denoviridagfamily are norenveloped icosahedral viruses with double
stranded DNA genomes ranging from-2® kbp in size. Ads infea broad range of vertebrate
species and have been classified into five clades based on genome sequencing and bioinformatic
analysis; theMastadenovirusefisolates originating from mammalg)yiadenovirusegisolates

from birds), Atadenovirusegisolatesfrom birds, mammals and reptiles that share high AT
genome contentBenko and Harrach, 1998oth, 2003, Siadenovirusetseveral bird isolates,

one amphibian and one reptilian isolat®pison et al, 2003 Zsivanovitset al, 2006 Rivera

et al, 2009 and thelchtadenovirusesconsisting of a single isolate from a sturgeliovacset

al., 2003.

Human Ads origiate from theMastadenoviridag and to date there are over 55 different
serotypes of human Ads divided into seven species (A td&)l€ 1-1). Classifcation of Ads

is based on multiple parameters including neutralisation by specific antisera, haemagglutination
properties and genome sequence homology (review@&ekiik, 2007. The species B Ads are
further subdivided into groups B1 (serotypes 3, 7, 16, 21 and 5 aifskrotypes 11, 14, 34

and 35) based on conservation of restriction endonucleaseWieel(et al, 1986 Segerman

et al, 2003. This classification of the species B viruses also broadly correlates with tissue
tropism; B1 viruses generally cause upper respiratory tract infection whilst the B2 viruses cause
kidney and urinary tract infectionSMadell, 1984. The species B viruses hagéso been re
classified according to receptor usageve et al, 200§. More recently, it has been proposed

that Ads should be completely-céassified accordingo whole genome sequence similarity as
opposed to serological approach8stpet al, 2011 Singhet al, 2012.

1.2.2 Pathology and disease associated with human adenovirus infection

Ads are known to cause acute respiratory, gastrointestinal and ocular infections in a serotype
specific manner Table 1-1). Species A, F and G are most commonly associated with
gastroenteritis, species B:1, C and E with respiratory disease, B:2 can cause urinary tract disease
and species D can cause keratocortjuitis (reviewed inZhang and Bergelson, 200Berk,

2007). Some Ads are responsible for a variety of clinical manifestations, such as the species B:2
virus Ad3 which in addition to respiratory infection can also cause conjunct@inellet

al., 1986 Guoet al, 1988. A more severe and highly contagious form of conjunctivitis termed



epidemic keratoconjuctivitis is caused by the species D serotypes 8, 19 and 37 and by an Ad
chimera composed of elements from Ads 8, 22 andA®Ki(et al, 2008 Ford et al, 1987.

Ad4 can cause considerable morbidity as the causative agent ofespitatory disease which

has been reported in military recruitdileman et al, 1956 Gray et al, 2000. Recently, a

novel Ad termed titi monkey adenovirus was identified as capable of imjelotith monkeys

and humans, resulting in respiratory dise&®efiet al, 2011).

However, in the majority of cases, Ad infections in immunocompetent individuals are mild and
selflimiting. In contrast, Ad infections in immunocompromised individuals can cause more
serious infectionHale et al, 1999. Those at risk include young people due to lack of previous
exposure, transplant patients on immunosuppressive drugs and AIDS patients. Indeed, certain
Ad serotypes that are rarely isolated from the imomempetent population, such as Ad35, are
more frequently isolated from immunocompromised individu&l®nbenberget al, 1987
Hierholzer, 1992 Although there is currently no definitive treatment for Ad infeatithe
nucleoside phosphonate analogue cidofovir is used in most transplant centres albeit with
substantial adverse side effects (reviewe®@ Clercq, 2008 However, a lipid conjugate of
cidofovir known as CMX001 was recently showm exhibit substantial efficacy against Ad
infections in immunocompromised patients with negligible side effects, indicating a promising

new treatment for Ad infectiori-(orescuet al, 2013.

1.2.3 Adenoviruses as gene therapy and oncolytic vectors

Gene therapy is the transfer of therapeutic genes into cells with the aim of correcting a defective
gene. In order to achieve this, the DNA must be transported into the cell and delivédred to
nucleus for gene expression. Transfer of the therapeutic gene into the target cell requires a
vector, and these can be broadly classified as viral ofvinahvectors. Nokrviral vectors

include liposomes, polypeptides and nanoparticles (reviewddiriteer and Simanek, 2009

To date, Ad vectors have been utilised in 428 clinical trials and account for the largest
proportion (23.20) of all gene therapy clinical trials worldwide, inclusive of both viral and non

viral vectors (Wiley.co.uk/genemedicine, as of June 2012). Ads possess many characteristics
ideal for a virus vector: their genome can be easily manipulated, they are atfext@ wide

range of dividing and nedividing cells and they can be easily and inexpensively grown to high
titres (reviewed inShen and Post, 2007Ads are believed to hold prase for oncolytic
(cancexkilling) regimens, vaccination regimens and gawelition for inherited diseases.

The firstgeneration Ad vectors had the E1 region of the genome deleted, which both prevented
virus replication and provided coding capacity for insertion of a therapeutic tran&tprgeet

al., 1995. However these vectors were rapidly cleared by the host immune sy&aget al,

1995. The E1 deletions were combined with additional deletions in E2, E3 and E4 gene regions
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Table 1-1. The adenovirus serotypes and the associated clinical manifestation following infection by each species.
Adapted fromJoneset al, 2007 Ishiko et al, 2008 Walshet al, 2009 Hall et al, 201Q Walshet al, 201Q Kanekoet al, 2011a Kanekoet al, 2011k Kanekoet al,
2011¢ Robinsoret al, 2011

Species Serotype(s) Associated disease GC content of genome Oncogenic potential
(%) (in rodents)

A 12,18, 31 Gastroenteritis 48-49 High

Bl 3,7,16, 21,50 Respiratory disease 50-52 Moderate

B2 11, 14, 34, 35,55 Urinary tract disease 50-52 Low

C 1,2,56 Respiratory disease 57-59 Low

D 8,9, 10, 13, 15, 17, 19, 20,-3D, 32, 33, 3639, 4249, 51, 53, Keratoconjunctivitis 57-61 Low

54, 56

E 4 Respiratory disease, conjunctivitiy 57-59 Low

F 40, 41 Gastroenteritis Unknown Unknown

G 52 Gastroenteritis Unknown Unknown




to reduce toxicity and further increase coding capaéitygélhardtet al, 1994 Armentanoet

al., 1995. Unfortunately, there was still stimulation of the inflammatory response following
administration of these vectors and rapid antibody neutralisation was elicited upon subsequent
inoculation. This lead to the development of heldee pendent (fAgutl esso)
all the coding genes deletedschiedneret al, 1998. Despite improved toxicity and
immunogenic profiles dut lack of immunogenic peptide expression, immune responses were

still generated to the virus capsid (reviewe@mnettiPierri and Ng, 2008

Indeed, most Ad vectors to date have exhibited aogtinal capacity to produce beneficial
therapeutic effect (efficacy) and often induce potliest immune responses. The high
prevalence of species C Ads within the general population means that most humans have been
exposed to these Ads, therefore upon administration there is rapid clearance of these vectors by
pre-existing antibodies (reviewed Bessiset al, 2004. Interestingly, although the E1 region is
believed to be essential for Ad replication,-d&leted Ad vectors stilexpress residual late
proteins, leading to inflammatory responses and reduced vector efficanyg €t al, 1994k

Yanget al, 1994¢ Yanget al, 1995. The presence of Ad DNA or transgene DNA in hasls

also stimulates innate inflammatory respongegefett et al, 2003 Zhu et al., 2007). In
addition, intravenous (IVadministered vectors become sequestered by the liver, resulting in
low levels of vector transduction at the target site and local toxicity in the Evaye{hardtet

al., 1994 Lieber et al, 1997 Everettet al, 2003. High doses of Ad ectors can lead to
exaggerated responses, which have been shown to be lethal in mouse studies (reviewed in

Varnavskiet al, 2005 and also one case in a human clinical tiRageret al, 2003.

Whilst immune stimulation has served as a major drawback in Ad gene therapy regimens, it can
serve as an advantageous property for oncolytic (cancer killing) and vaccine vectors by
enhancing immune responses to tumour cells or vaccine antigens, respectively. Oncolytic Ads
are intended to specifically target, invade and replicate within tumour cellsrmgsa tumour

cell lysis, releasing progeny virions able to infect and kill surrounding tumour cells. The most
well-studied oncolytic Ad has been ONYXL5, which contains a mutation in the E&RBK

region of the Ad genoméischoffet al, 1996. This mutation abolished the ability of the E1B

55K protein to bind and inhibit p53, thuestricting virus replication to cells in which the p53
pathway is already inhibited, which occurs in a high proportion of human cancers. Although the
efficacy of ONYX-015 was found to be inadequate in Phase | and Il trials when used as a single
agent Mulvihlll et al, 2002 Nemunaitiset al, 2007, utilising ONYX-15 in combination with
chemotherapy roradiotherapy resulted in complete tumour regressiimuij et al, 2000
Geoergeret al, 2003. A similar E1Bdeleted virus, termed H101, has been certified for use

against head and neck cancer in Chi@arper, 2006 An immunostimulatory Ad expressing
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CD40L was recently found to substantially boost dnthour immune responses in clinical

trials for bladder canceMalmstromet al, 201Q Pesoneret al, 2019.

Both replicationdeficient and replicaticsompetent Ads have also shown promise in vaccine
regimens. These Adare engineered to express antigens from microbial sources in order to
trigger immune responses to the antigen, resulting in adaptive immunity against the pathogen.
Expression of polyvalent HAM antigens by a recombinant Ad26 vector resulted in induofion
potent antHIV-1 immune responses in rhesus macaque monkegsochet al, 2010.
Additionally, combining the Ad vaccine with protein adjuvants and other viral or DNA vaccines
appeared to enhance immune responses to malaria antl ({dup et al, 201Q. This ndicates

that as with oncolytic regimens, combination therapies using Ad vectors may hold promise for

boosting immune responses in vaccine regimens.

1.2.4 Adenovirus structure

The adenovirus capsid comprises a -Bameloped icosahedron of approximately 90 nm in
diameter. The proteins comprising the capsid act to promote entry into the host cell, facilitate
disassembly of the capsid and deliver the genome to the nucleus for replication. The virus
particle has been visualised by cmlectron microscopy at 10 A mstion (Silvestryet al,

2009 and the crystal structure has been solved at 3.5 A resol®eatdyet al., 2010. The Ad
particle comprises 13 structural proteins. The capsid shell is formed of 252 capsomeres of which
240 are trimeric hexon protein (polypeptide II) and the remaining 12 are penton protein
(polypeptide 111) (reviewed itdall et al,, 201Q. Pentons are located at each of the 12 vertices of
the capsid, and comprise a pentamer of penton base protein with a trimeric fibre protein
(polypeptide V) progction. The other minor capsid components are proteins llla, VI, VIl and

IX (reviewed inVellingaet al, 2003 (Figurel-1).

Within the capsid core, the remaining structural polypeptides V, VII, Mu (polypeptide X) and
terminal protein (TPare associated with the dousiganded DNA genome. Located at either

end of the DNA genome are inverted terminal repeats (ITRs) which range in size 200 36

bp. Each 5N terminus of the DNcAvalendy assaciatadl e nt |
with the basic Ad proteins pV, pVIl and Mu to form the viral chromatin (Black and Center
1979; Chatterjeet al.,1985; Andersort al.,1989) Figurel-1).
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Figure 1-1. The structure of the adenovirus capsid.

A schematic diagram of the structural proteins associated with the adenovirus Thpsidajor capsid
components are hexon, penton base and fibre. The minor capsid components are llla, VI, VIII and IX.
Proteins V, VII, Mu, TP, IVa2 and protease are associated with the DNA genome within the capsid core.
Figure is taken from White and BlaR012, with permission
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1.2.1.1 Major capsid components

1.2.1.1.1 Hexon (polypeptide II)

Hexon is the majostructural protein of the Ad capsid and forms the facets of the icosahedron
(Van Oostrum and Burnett, 198%s determined by crystallography studies of the Ad2 hexon,
each hexon capsomere is composed of three identical subunits producing aheseggmal
structure Robertset al, 1986 Athappilly et al, 1994. Hexon capsomeres are found associated

with proteins IX and VI Eurcinitti et al, 1989 Matthews and Russell, 199&abry et al,

2009 . Hexons associated with pentons are ter
remainder on the faces of the icosahedron areie d 6 gr ou p s Mard Oostrunete 6 ( G
al., 1987%. Depending on their orientation, the GON hexons are further subdivided into H2 and
H3. Hexons that are not GONs or peripentonal hexons are classed "arH®dstrumet al.,

1987. The proteirprotein interaction networks between the GONs and the other capsid
proteins was recently characterised by eel@ctron microscopy at 3.6 A resolutidriy( et al,

2010.

1.2.1.1.2 Penton base (polypeptide IlI)

Penton base are found at each of the 12 vertices of the capsid and play an important role in the
stability of the Ad capsidBnsinger and Ginsberg, 1972enton monomers form pentamers
which are known as penton base. Penton base is found associated with a trimer of fibre protein
(polypeptide 1V), and this complex is known as penteatiersson and Hoglund, 196%adell

and Norrby, 196P Penton is important in facilitating uptake of the virus into host cells, with
fibre promoting initial attachment and interactions of the penton base with cellular integrins
promoting internalisationWickhamet al, 1993 Wickhamet al, 1994. During infection with

certain Ad serotypes, it has been shown that some penton and penton base structures are also
able to form large particles known as dodecahedtach comprise 12 copies of penton or
penton baseHenderet al, 1997 Fuschiottiet al, 200§. Although the exact function of
dodecahedra during Ad infection is curttgrundefined, they have been shown to interact with
cellular junctions and induce cell remodelling, therefore may play a role in dissemination of the
virus (Fenderet al, 2012.

1.2.1.1.3 Fibre (polypeptide 1V)

Fibre is found projecting from each of the 12 vertices of the capsid and plays an important role
in the initial attachment of the particle to host ceRiilipsonet al, 1969. Whilst the majority

of Ad serotypes express only ormarh of fibre protein, the species F serotypes express both
long and short fibresK(dd et al, 1993 Seiradake and Cusack, 2Q0&ibre consists of an-N
terminal tail, a variable length shaft and @e@minal knob domain, and it is the knob domain

thatfacilitates interaction with host cedlurface moleculed_6uis et al, 1994 Xia et al, 1999.
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Although there are five potential fibre binding sites on the penton base, only three fibre
molecules are ablto bind due to steric hindrance, resulting in a trimeric fibre mole®taa (
Oostrum and Burnett, 198Bong and Engler, 1996

1.2.1.2 Minor capsid components

1.2.1.2.1 Polypeptide llla

Protein llla is believed to play a role in capsid assembly and stabilisation of the capsid vertices
(Bourdinet al, 1980 Lemayet al, 1980 Chroboczeket al, 1986 Silvestryet al, 2009 Ma

and Hearing, 2001 There are 60 copies of Illa per capsid, with five copies ofdifanged
symmetrically on the underside of each penton b8sbgnet al, 2009. It appears that llla

may be located Hbetween penton base and peripentonal hex®as Martinet al, 200§. In
addition to its structural functions, llla is also believed to be involved in viral genome
packaging Ma and Hearing, 20)1llla is processed from a precursor form (fite) to mature

llla by the Ad proteaseBpudinet al, 1980.

1.2.1.2.2 Polypeptide VI

Polypeptide VI (pVI) associates with hexon and thare approximately 1.5 pVI per hexon
trimer (Sabaret al, 200§. The protein also appears to associate with llla, penton base and viral
DNA (Stewartet al, 1993 Sabaret al, 2009. The precursor form of pVI, p#él, is cleaved

by the Ad protease, adenain, to yield the mature pvitiérsonret al, 1973 Weber, 1976Sung

et al, 1983h Tremblayet al, 1983. The cleavage peptidd pre-VI is thought to function as a
co-factor for adenainMlangel et al, 1993. Roles attfputed to pVI include disruption of the

host cell endosome following capsid internalisation, nuclear import of hexon, capsid assembly
and transcriptional activation of early viral genes (Matthews and Russell, 1995; Wetrich
al.,2003; Wiethoffet al. 2005;Wodrichet al.,2010; Schreineet al.,2012).

1.2.1.2.3 Polypeptide VI

There are 120 copies of pVIIlI per capsid, with groups of three located along the icosahedral
threefold symmetry axis of the capsid, acting in cohesion with pIX for stabilisation of the
GONs.In addition, single copies of pVIIl are also found linking each peripentonal hexon to the
GONs in ceoperation with Illa $abanet al, 2006. Similar to pVI, pVIll is synthesised in a
precursor form (pr&/Ill) which is subsequently cleaved to the mature protein by the Bctifi
adenain \Veber, 1976 Tremblay et al, 1983. Although the function of pVIIl is currently
undefined, mudtions in pVIII appear to result in heat instability of the capsid, suggesting a role

in capsid stabilityl(iu et al,, 198).
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1.2.1.2.4 Polypeptide IX

This protein is only found in Ads of thdastadenoviruglade. There are 240 copies of pIX per
capsid arranged as trimers on the outer face of each &atedret al, 2006 Fabryet al, 2009
Boulangeret al, 1979. Ad mutants lacking plIX display increased heat sensitivity, indicating
that pIX contributes to stability of the capsid (Colby and Shenk, 188ashchoudhuret al,

1987). Interestingly, IXdeleted Ad vectors display enhanced tropism for cell lines which do not
express the Cocksackie B and Adenovirus Receptor (CAR), the primary attachment receptor for
Ad species A, C, D, E and B¢ Vrij et al, 201]). This suggests that pIX may play a role in the

cell tropism of Ads. Polypeptide IX is expressed during the delayed early phase before any of
the other structural proteins and may function in activation of late gene transc(lijtin et al,

1997 RosaCalatraveet al, 200)). Polypeptide IX has also been shown to plagla in nuclear
reorganisation by sequestering the PML protein, the major structural component aXiB3vIL
resulting in increased virus replicatioRgsaCalatava et al, 2001 RosaCalatravaet al,

2003.

1.2.1.3 Core proteins

1.2.1.3.1 Polypeptide V

Within the core of the Ad patrticle, pV is found associated with pVI, pVIlI and the viral DNA
(Chatterjeeet al, 1985 1986) and functions to link the core of the virion to the outer capsid
(Matthews and Russell, 1998WPolypeptide V containsumerous nuclear localisation signals
and appears to associate with the cellular protein p32 to promote the transport of Ad DNA into
the host cell nucleusMatthews and Russell, 19984t is also responsible for redistribution of

the nucleolar proteins C23 (nucleolin) and B23 (nucleophosmin) during infection. The reason
for the redistribution of these two proteins is currently unclear; redistribution of C23 was
suggested to antagonise thengseriptional repressor function of C23/dtthews, 2001
Although the redistribution of B23 was suggested to facilitate the assembly of viral chromatin
(Matthews, 2001 Samadet al, 2007 Samadet al., 2012), some data indicates that B23
redistribution promotes virion assemblydai et al, 2012.

1.2.1.3.2 Polypeptide VII

Polypeptide VIl is the most abundant core protein with around 800 copies found per capsid.
Although the arrangement of the Ad genome with the core proteins is not well defined, it is
thought that pVII is most tightlgssociated with the Ad genomeupnget al, 1983a Chatterjee

et al.,1986). Polypeptide VIl is synthesised as a precursor\(djeand is cleaved by adenain

into mature érm (Andersonet al, 1973 Weber, 1976 Tremblayet al, 1983. Polypeptide VII
contains multiple nuclear localisation signals and interacts with DNA to facilitate nuclear
import of the Ad genomeLge et al, 2003 Wodrich et al, 200§. The nuclear import of Ad
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DNA appears to involve an interactiaf pVIlI with transportin, a subunit of nucleoporins
(Hindley et al, 2007. The binding of pVII to incming Ad DNA may facilitate subversion of
the host Mrell, Rad50 and Nbsl (MRi#&pendent DNA damage respongéaren and
Hearing, 2011 Polypeptide VII is thought to interact with Ad E1A following DNA replication,
facilitating the release of pVII from DNA to allow transcription of fatease gene<henet al,
2007). Polypeptide VIl also plays a role in condensing the viral DNA prior to packaging into
newly-assembled capsid¥dydaet al, 1983 Vayda and Flint, 287).

1.2.1.3.3 Mu (polypeptide X)

Mu is a very small (19 amino acid), highly basic polypeptide and is present in around 100
copies per virion. Pr¥lu is cleaved by adenain to produce the mature polypeptithér,

1976 Tremblayet al, 1983. Mu contains a nucleolar localisation signal and has been shown to
play a role in the condensation of Ad DNA (Anderstral,. 1989). PreMu appears to regulate

E2 protein expression; piu was shown to inhibit the expression of fife¢ without alteing

the expression of DN/Binding Protein (DBP) (Leet al.,2004).

1.2.1.3.4 Terminal protein (TP)

TP is found attached Rekoshet d,el979. RreTP nvdssfourndfto A d
associate in a functional complex with Ad DNA polymerase-at) and the cellular protein
nuclear factor 1 (Nf) to prime Ad DNA replication Enomotoet al, 1981 Chenet al, 199Q

Gounariet al, 199Q Mul et al, 199Q. PreTP may also be anchored to the nuclear matrix via

an interaction with the enzyme carbamyl phosphate | synthetase, aspartate transcarbamylase and

dihydroototase (CAD)Angeletti and Engler, 1998During the late phase of infection, pre
is cleaved by adenain to produce mature Welfer, 1976Tremblayet al, 1983).

1.2.1.35 Iva2

IVa2 is an ATPbinding protein and appears tm specific viral DNA sequences near the left
terminal end of the Ad genome, facilitating packaging of the genome into capsid precursors
(Zhang and Imperiale, 20p@hanget al, 2001 Ostapchuk and Hearing, 2003stapchuket

al., 2005 Ostapchuk and Hearing, 2008va2 is present in six to eight copies per capsid and is
required for genome packaging. Il Va2 binds t
repeatsoé6 which ar e | oc atOstapchaket alt2005 Tyleret al,| e f t
2007). To facilitate genome packaging, IVa2 forms a complex on the packaging sequence with
Ad L4-22K (Ewing et al, 2007 Tyler et al, 2007 Ostapchuket al, 2011 Yang and Maluf,

2012. Va2 is also thought to function as a transcriptional enhancer at the late region 4
promoter (L4P)Korris et al, 2010 and the major late promoter (MLPir{bouleyet al, 1994

Lutz and Kedinger, 19961Va2 may also intexct with pVII Zhang and Arcos, 2005
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1.2.1.3.6 Protease (adenain)

The Ad protease, adenain, is synthesised in an inactive form and becomes partially activated
following interaction with Ad DNA (Mangelet al, 2003 Guptaet al, 2004. Partially active
adenain is able to cleave pvé, producing mature VI and an 11 amino acid cleavage product
(Wodrich et al, 2003. The 11 amino acid cleavage peptide binds to adenain resulting in full
activation of the proteasdi¢Grathet al, 2003. Activated adena is then able to cleave the
precursor forms of late proteins llla, VI, VII, VIIl, TP and Mu to yield an infectious virus
particle Tremblay et al, 1983 Anderson, 1990Websteret al, 1993. Adenain may also
facilitate cell lysis and the subsequent release of virus progeny by cleaving the cellular protein
cytokeratin Brown et al, 2002 Brown and Mangel, @4).

1.2.5 Life cycle of human adenoviruses

1.2.5.1 Cellentry

The classical pathway of Ad infection has been investigated in species C Ads (i.e. Ad2 and 5) in
gred detail. However, there are differences in recognition of cell surface molecules by species B
Ads which leads to alternate cellular trafficking compared to species C Ads. The classical
infection pathway is utilised by Ad species A, C, D, E, and F. Irattachment to host celis

vitro is mediated by fibre binding to the Coxsackie and Adenovirus Receptor (B&R)elson

et al, 1997 Roelvink et al., 1998 (Figure 1-2). CAR is a cellular attachment molecule and
generally located in close proximity to tight junctions in polarised epithelial cells (reviewed i
Philipson and Pettersson, 200As CAR expression is generally restricted to tight junctions
and the basolateral membranevivo, there has been some debate as to whether CAd®das

as the cellular attachment protein for Adsvivo when it is located in seemingly inaccessible
sites at the cell surface. Indeed, an alternative hypothesis for the interaction of the fibre with
CAR is to facilitate escape of the virus followingplieation. Excess fibre protein produced
during infection may facilitate disruption of CAR tight junction interactions, allowing release of
the virus into the airway lumeMfalterset al, 2003. However, a splice variant of CAR known

as CAR ER has been detected on the apical surface of polarised airway epithelial cells
(Excoffon et al, 2010, therefore it is plausible that this variant of CAR may allow ihitia
adhesion of the viruis vivo. In addition, it was recently found that Ad transduction of polarised
epithelial cells is enhanced by a cytokine response from macrophages; production of chemokine
8 enhanced the apical localisation of CAR agiok antegrin, facilitating Ad transduction of
target cellsl(utschg et al, 201J).

In contrast to other Ad species, the species B Ads do not utilise CAR as the primary cell surface
attachment receptoRpelvinket al, 1998. The species B Ads were clagsif into three groups

by Tuveet al (2006) according to conserved restriction endonuclease cleavage sites, which also
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Figure 1-2. The cellular entry pathways of species C and species B adenoviruses.

Theentry pathway of species C Ads appears to include the following stages. Al. Attachment of the virus
fibre protein to the primary receptor, CAR, on the host cell surface. A2. Subsequent interaction of cellular
Ubgs integrins with the RGD motif of pentorabe. This results in clathrmediated endocytosis of the

virus into early endosomes. A3. Within the acidic environment of the endosome, the virus capsid begins
to dismantle leading to release of vertex proteins. A4. Protein VI promotes lysis of the reabdoso
membrane, allowing escape of the partially dissembled virus capsid into the cytoplasm. A5. The Ad
capsid associates with microtubules in the cytoplasm and is trafficked via dynein to the microtubule
organising centres (MTOCS) located adjacent to ttederis. A6. At the nuclear pore, the viral genome is
imported into the nucleus.

In contrast to species C Ads, the entry pathway of species B Ads appears to involve the following stages.
B1. The virus fibre protein attaches to the primary receptor, CDOBE@2. B2. Subsequent interaction

of the RGD motif i n the p/ynintegnms. Bhissneeraghon stimalateas wii
membrane ruffling (B2) and macropinocytic uptake of the virus into the cell (B3). The subsequent escape
of the virus fom the endosome (B4) and trafficking of the capsid to the nucleus (B5) is currently

undefined. Taken from White and Blair, 2012, with permission.
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correlates with receptor usage; the Species B Group | Ads (A#816;35, and-50) nearly
exclusively use CD46Group Il (Ad3,-7p, and-14) appear to utilise desmoglein 2 (DR
whilst Group 11l (Ad11p) can use both CD46 and D&GSegermaret al, 2003 Marttila et al,
2005 Tuveet al, 2006 Wanget al, 201Q.

Following adhesion of Ads to the host cell surface, there is a secondaaffioity interaction
between the argininglycine-aspartate (RGD) motif (conserved among all human Ads except
species F) within one ohte ext eri or | oops of t henteghid pent
( pr i mgyainldfs) b the host cell surfacéMickhamet al, 1993 Mathiaset al, 1994
Wickhamet al, 1994 Nemerow and Stewart, 1999As each penton base is a pentamer, the
penton base isble to bind five integrin molecules, which promotes integrin clustering and
triggers various cell signalling pathways. In species C Ads, the initial interaction of penton base
with the integrin molecule is believed to induce a conformational change intéigein which
stimulates phosphoinositidekinase (PI3K). The stimulation of PI3K leads to activation of Rac
GTPase and cell division control protein 42 (CDC42), resulting in the polymerisation of actin
monomers and cytoskeletal rearrangement withinceie(Li et al, 1998a Li et al, 1998).

This facilitates the internalisation of species C Ads by endocytosis into ctataiad vesicles

in a dynamirdependent mannewickhamet al, 1994 Wanget al, 1998 (Figure1-2).

In contrast to species C Ads, the species B2 Ad3 appears to utilise an alternate entry mechanism
(Figure 1-2). Entry of Ad3 into various cell types was shown to be minimally affected by
dynamin mutation, indicating Ad3 does not utilise dynadépendent endocytosis as the
primary cell entry mechanis (Wang et al, 1998 Meier et al, 2009. Instead, Ad3 uptake
appears to be mainly by macropinocytosis, as Ad3 interactitim @46 and cell surface
integrins has been observed to induce membrane ruffling and fluid phase éyptestattet al,

2008 (Figurel-2). The species B2 A% has also been reported to utilise macropinocytosis for
entry into epithelial cells, suggesting this may be a common entry pathway in species B Ads
(Kaelin et al, 201Q. Cellular factors required for macropinocytic uptake of Ad3 and Ad35
include the sodiumproton (N&/H") exchanger, actin, p2dctivated kinase 1 (PAK1), Rac,
protein kinase C (PKC) and-®rminal bindingorotein 1 of E1A (CtBP1)Amstutzet al., 2008
Kaelinet al, 2010.

Additional factors ppear to influence the cell transduction of Adwivo. Despite the evidence
that interactions with CAR facilitate attachment of AdSvitro, the biodistribution of Ads in
mouse models does not correlate withvivo CAR expression. Although liver hepatdes
generally have low CAR expression, intravenously {@dninistered Ad5 vectors exhibit high
liver transduction l{ieber et al, 1997 Fechneret al, 1999 Shayakhmetowet al, 2004.
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Furthermore, mutation of fibre residues neaeg$or CAR binding was shown to have no effect

on the biodistribution of Ads following systemic delivery, suggesting the liver transduction of
Ads is independent of CARA{emany and Curiel, 200IMartin et al, 2003. Later studies
revealedthe role of blood factors such as protein C, complement family member 4b binding
protein (C4BP), Factor VII (FVII), Factor IX (FIX) and Factor X (FX) in Ad5 biodistribuiion

vivo, with FX demonstrating the greatest contribution to liver transducttyakhmetowet

al., 2004 Parkeret al, 200§. These bloodfactors were shown to interact with Ad5 and
facilitate binding of the Ad5 capsid protein hexon to heparan sulphate proteoglycans (HSPGs)
and low density lipoprotein receptor (LDLIRglated proteins on the cell surface of liver
hepatocytesalyuzhniyet al, 2008 Waddingtoretal, 200§ . A secondary inte
integrins is then required for internalisatiddrgdshawetal., 2010. Recenin vivo studies have
confirmed the role of FX in Ad5 liver transduction in a #farman primate model{ba et al,

2012. FX was also shown to facilitate hepatocyte transduction with Ad5 vectors with fibre
proteins of species D Ads, indicating the rofeFX in hepatocyte transduction may extend to
serotypes other than AdBdrkeret al, 2007 Waddingtonet al, 2007). However, studies using
species B fibrepseudotyped or chimeritbore Ad5 vectors revealed greatly reduced liver
tropism compared to wildtype AdSékuraiet al, 2008 Ganestet al, 2009 Greiget al, 2009
Rogeeet al, 2010. As these vectors atbntain Ad5 hexon, this indicates that additional factors
than hexon, FX and HSPGs contribute to liver tropism. A recent study into the role of other
capsid proteins in Ad5 liver tropism revealed that whilst the binding of both wildtype Ad5 and
Ad5 contahing pseudotyped Ad35 fibre (Ad5F35) was enhanced by FX, the transduction of
Ad5F35 was reduced compared to Ad®fjonet al, 201]). It was found that Ad585 vectors
accumulated in the late endosome resulting in fewer virus particles reaching the cell nucleus.
Entry into this trafficking pathway appeared to be dictated by the fibre pr@aenjof et al,

2011). In contrast to species B and C Ads, certain species A Ads were shown to have enhanced
affinity for respiratory or intestinal epithelial cells and this appeared to be mediated by FIX
binding to cell surfee heparan sulphat®ntaining glycosaminoglycansgnmanet al,, 2011).

Taken together, it appears that CAR may only play a small role in the cell surface attachment of
Ads administered intravenously; it seems that blood factors such as FRDamday have a
greater influence on biodistribution. Following cell entry, it appears that fibre protein may then
dictate the intracellular fate of the virus. It should be noted that although Ad dissemination in
the bloodstream is unlikely during infectiolPAd vectors are frequently administered

intravenously in gene therapy regimens.
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1.2.5.2 Transit of adenovirus to the nucleus

With regards to species C Ads, recent data indicates that capsid disassembly may commence at
the cellular attachment stagBufckhardtet al, 201). The lumen of the early endosome
following internalisation rapidly becomes more acidic due to the igctf the H+ ATPase,
which may induce conformational changes in certain viral capsid components, facilitating
capsid disassemblyGfeberet al, 1993 Wiethoff et al, 2005. It is thought the fibre proteins
dissociate first, followed by penton base, pllla, pV] and finally pIX. It appears that species

C Ads do not traffic through the late endosome or lysos@astéldelliet al, 200§. Protein VI

plays an important role in lysis of the endosome by disrupting the endosomal membrane,
allowing the partially uncoated virus particle to be released into the cytoplsth¢ff et al,

2005 Maieret al, 201Q Moyer et al, 201]) (Figurel-2).

The pathway of Ad3 from macropinosomes into the cytoplasm is less well defined, however it
appears to be a much slower process than the escape of species C Aediosomes (380
minutes [Ad3] vs. 15 minutes [Ad2]A(nstutzet al, 200§. Furthermore, Ad5 viruses carrying
species B fibre proteins appear to remain within endosomes for longer than wildtype Ad5
(Miyazawaet al, 2001 Shayakhmetoet al, 2003, indicating a lower pH may be required for

species B capsid disassembfmpared to species C.

Once species C Ads escape from the endosome, the partially uncoated virus particle associates
with microtubules in the cytoplasrbéles and Chardonnet, 19M8abit et al, 2002 Kelkar et

al., 2009 (Figure 1-2). Transport of the species C Ads along microtubidedependent on
integrin signalling upon infection; the activation of p38 mitogetivated protein kinase
(MAPK) (Suomalaineret al, 1999 Suomalaineret al, 200) facilitates trafficking of the virus
particle by hexordynein interaction to the microtubuleganising centres (MTOCSs) located
adjacent to the nucleus.dopold et al, 200Q Bremneret al, 2009. The dynein cdactor
dynactin appears to enhance the speed and efficiency of Ad particle transport to the nucleus
(Engelkeet al, 2017). Ad pVI appears to play an integral role in movemerthefvirus particle

to the nucleus; a PPXY motif exposed on pVI during capsid disassembly recruits Nedd4 E3
ubiquitin ligases, leading to ubiquitination of pVI which facilitates trafficking of the particle
along microtubulesWodrich et al, 2019. Once thevirus particle arrives at the MTOC, the
nuclear export factor chromosome region maintenance 1 (CRM1) or an associated factor is
thought to facilitate detachment of the virus from microtubules and promote association of the
virus with the nuclear pore congx (NPC) Strunzeet al, 20095.
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1.2.5.3 Import of species C adenoviruses into the nucleus

As the Ad capsid is tolarge to diffuse through the nuclear pore, the particle undergoes further
disassembly resulting in release of the Ad genome into the nudBreberet al, 1997.
Docking of the capsid with the NPC is mediated by interactions between hexon and a
cytoplasmic filament component of the NPC known as NupZietrhanet al, 200]) as well as
kinesinl light chain Gtrunzeet al, 2011). Soluble histone H1 appears to interact with a
conserved hexon sequence in species d3, Avhich recruits binding of the H1 importin

7/ i mportin b i mport factor . However, this
indicating they may undergo a different import pathwego{manet al, 2001). The chaperone
heatshock cognate 70 stress protein (Hsc70) is also requiredufdear import of Ad DNA
(Saphireet al, 200Q. A nucleoporin associated with Nup214 known as Nup358 interacts with
the kinesinl heavy chain, resulting in an indirect association between the capsid and the kinesin
motor Strunzeet al, 201). Action of kinesinl then disrupts the Nup2idbcked capsid
reallting in release of capsid proteins and associated nucleoporins into the cytoplasm. The
action of kinesiAl simultaneously increases the nuclear envelope permeaBilityngeet al,

2017J) allowing the interaction of pVIl with multiple nuclear import pathways, leading to import

of the DNA-protein VII complex into the nucleudfotmanet al, 200X Wodrichet al, 2006
Hindley et al, 2007. Once the complexes are inside the nucleus, pVIl binds the transcription
factors template activating factor (TAE)band TAFIl (Kawaseet al, 1996 Haruki et al,

2006. This leads to remodelling of chromatin on the virus genome, resulting in transcription of

Ad genes.

1.2.6 The genome of species C adenoviruses

The genome organisation of species C Ads is highly conserved and encodes the five early
transcription units E1A, E1B, E2A, E2B, E3 and E4, intermediate genes IX and IVa2 and late
genes L315 (Figure 1-3) (Galibertet al, 1979 Herisseet al, 1980 Akusjarvi et al, 1981
Herisseet al, 1981 Gingeraset al, 1982 Kruijer et al, 1982 Sunget al, 1983a Akusjarvi et

al., 1984 Alestromet al, 1984 Robertset al, 1984. The late transcription units are expressed
from the MLP whilst the intermediate genes-33K and L422K are initially expressed from a
novel promoter located in the L4 region, the L4Rofris et al, 201Q. Additional minor
transcriptional units include the virassociated (VA) RNAs | and [IMathews, 197p At

either end of the genome are the ITRs, which are important for genome replication. The Ad
genome is traditionally divided into 100 map units (mu) and the Ad E1A gene is conventionally

placed at the far left of the genome.

The expression ohe Ad genes during infection is regulated on a temporal basis consisting of

four stages; immediate early, delayed early, intermediate and late, depending upon the time
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Figure 1-3. The genome of species Glanovirus.
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point at which the gene product can be detectddigjarvi, 2008 Morris et al, 201Q. The
immediate early gene E1A is expressed shortly after the viral genome enters the host cell
nucleus. The expression of other early units E1B, E2A, E3 and E4 is driven by the activity of
E1A alongside a variety of cellular factors (reviewedark, 2007. The MLP is also active at

this stage at low level, producing only the-82/55K proteins. Proteins encoded in the early
gene regions act to promote cell cycle progression, genome replication and suppression of host
cell anttviral mechanisms. At the onset DNA replication, the intermediate transcription units
E2B, IVa2 and IX become activateBdrk, 2007. Gene transcription from the L4P is also
activated at this time poinMorris and Leppard, 200Morris et al, 201Q. The intermediate
genes act to upegulate expression from the MLP. Following genome replication, transcription
from the MLP proceeds to the full length of the unit resulting in expression of the late genes.
Late proteins function mainly to emrdinae virus capsid assembly and the subsequent release
of progeny virions from the host cell.

1.2.6.1 Early gene expression in species C adenoviruses

1.26.1.1 E1A

E1A is the immediate early unit and is the first gene to be expressed upon entry of the virus to
the host cell ndeus Berk and Sharp, 197&how et al, 1979 Nevinset al, 1979. The
expression of E1A was recently shown to be facilitated by the Ad capsid proteiBghreiner

et al, 201). The primary E1A transcript is processed by alternative splicing to yield five
MRNAs which in Ad5 have sedimentatigoefficients of 13S, 12S, 11S, 10S and S®&ghens

and Harlow, 1987 Ulfendahl et al, 1987. Alternative splicing of the E1A transcript is
regulated in a temporal manner, such that during the early stages of infection the two major E1A
MRNA species are the 13S and 12S mRNRsr(icaudetet al, 1979 Hearing and Shenk,

1983 Boulanger and Blair, 1991The 9S mRNA product is the most abundant protein at late
times, whilst the 11S and 10S are minor mMRNA species at late stages of infStdjaimefrs and
Harlow, 1987 Ulfendahlet al, 1987. The 13S, 12S, 11S, 10S and 9S mRNAs encode the 289
residue (R), 243R, 217R, 171R and 55R proteins respectively. The E1A proteins drive
numerous cellular processes during infection includiagdcriptional activation, transcriptional
repression, immune subversion, immortalisation of primary rodent cells and transformation in
cooperation with Ad E1B5K or activated cellular RAS (reviewedBerk, 2003.

The 9S E1AMRNA is expressed during the late stage of infection due to temporal changes in
splice site usagdJ)fendahlet al, 1987. The encoded 55R E1A protein appears to stimulate
transcriptional activation and promote viral replicatibfilier et al, 2012. The 10S and 11S

E1As are also expressed at late time points, however the roles of the 217R and 171R E1As

during infection is less clear. Deletion mutants for the 217R and 171Rnwsraeinot exhibit
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defective growth and they appedispensabldor transformation activitiesUlfendahl et al,

1987. Although the 217R E1A was shown to have transcriptional activation properties in
transient transfection assays, this activity appeared negligible in the context of virus infection
(Ulfendahlet al, 1987%.

Ad 289R and 243R E1As are expressed immediately following entry of the viral genome into
the host cell nucleus. Ad 289R E1A is required for stimulating transcription from theddyr

Ad transcription units by associating with cellular transcriptiondigcthat bind to the early Ad
promoters Berk et al, 1979 Jones and Shenk, 197@/ebster and Ricciardi, 1991iu and
Green, 1994 E1A was found to bind the transcriptionatactivators p30/CBP Eckneret al,

1994 Arany et al, 19%; Lundbladet al, 1995 Avantaggiatiet al, 1996 Yanget al, 1996
Somasundaram and-Bleiry, 1997 as well as a subunit of the Mediator complex known as
MED23 (Boyer et al, 1999h Stevenset al, 2002 to activate transcriptioin vitro. E1A
alongside Va2, E4orf3 and viral DNA replication was also found to promote transcription of
the intermediate genes 13BK and L422K from the 14P Morris et al, 2010.

Both the 289 and 243R E1As are responsible for driving progression of the cellroyel&1

to Sphase in infected cell8(aithwaite et al, 1983 Spindleret al, 1985 Zerleret al, 1987%.

This function of E1A alongside the activity of E1B or activated RAS is sufficient to induce
transformation of primary rodent cel{Spindleret al.1984; Howe et al, 199Q Steinet al,

1990 Yew and Berk, 1992). E1A binds to the cellular retinoblastoma protein (pRb) and-the Rb
related proteins p107 and p1l3a(beaet al, 1992 Dysonet al, 1992. The Rb proteins are a
family of tumour suppressors which directly biadd inhibit the activity of the E2F family of
transcription factors. The RB2F complex also recruits transcriptional repressors such as
histone deacetylase complexes (HDACs) and Polycomb (PcG) histone methyltransferases to
chromatin Chellapparet al, 1991 Nevins, 1992Kato et al, 1993 Brehmet al, 1999. Under
normal circumstances, cell signalling leads to phogpation and inactivation of Rb by CDK
cyclin complexes, relieving E2F repression and allowing progression of the cell cycle. Binding
of E1A to Rb displaces Rb from E2F thus facilitates transcription from E2 promiierméet

al., 1997 Dyson, 1998 Nevins, 2001 Trimarchiet al, 2003 Ghosh and Harter, 2008rolov

and Dyson, 2004 The activation of E2Fs results in enhanced transcription of cell cycle
regulatory proteins including CDK2 and cyclins E and A, resulting in progressiophasg of

the cell cyct.

E1A has been implicated in innate immune subversion by abrogating interferon (IFN) signalling
(Ackrill et al, 1991 Gutch and Reich, 1991 This was shown to be facilitated by direct
interaction of E1A with StatlLook et al, 1998 and IFN regulatory factor 9 (IRF9).éonard
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and Sen, 1997 components of the IFN signalling pathway. E1A of Ad12, but not Ad5, was
also shown to facilitate immune evasiby downregulating the expression of MHC class |
from the surface of rodent cell&gkrill and Blair, 1988.

E1A is also involved in attenuation of p53 function by two separate mechanisms; preventing
acetylation and subsequent activation of p53 and preventingguation of p21 by impairing
binding of the transcription factor SP1 to the p21 prom@earé¢lyeva and Dobbelstein, 2011
However, expression of E1A alone induces apoptosis in host Raktee( al., 1992 Debbas and
White, 1993 Yagetaet al, 1999. E1A interferes with proteasome function resulting in the
stabilisation of p53L(owe and Ruley, 199Zhanget al, 2004. E1A can also trigger apoptosis
in a p53independent mechanism by inducing proteasomal degradation of tkepaptotic
BCL-2 family member myeloid leukaemiacgeence 1 (MCLEL), which results in the release of
pro-apoptotic BAK and initiation of apoptosiconati et al, 2003. However, during
infection a multitude of Ad proteins act to prevent fEpendent and independent apoptosis,
including products of the E1B transcriptional unit.

1.26.1.2 E1B

The major gene products of the E1B region are the-E3B and E1B19K proteins. Both
proteins act to suppress p88pendent and independent cell cycle arrest and apoptosis triggered
by the activity of E1A Debbas and White, 198E1B-19K is a homologue of the cellular anti
apoptotic protein BC{2 (Rao et al, 1999, and acts to prevent initiation of the apoptotic
cascade by binding BAK and alsoatiner preapoptotic cellular protein, BAXGuconatiet al,

2002; Cuconati and White, 2002E1B-19K can also prevent p&8ediated apoptosis induced

by TNFUand Fas ligand by the same mechaniBebpas and White, 1993

E1B-55K was observed to sequester p53 in-padlear bodies, termed aggresontearfiowet
al., 1982 Zantemeet al, 1985 Liu et al, 2005, a subcellular structure that forms at the MTOC
in response to misfolded proteinsopito, 2000 GarciaMataet al, 2009. E1B-55K was also
found to bind p53 in the nucleus preventing {M&&diated transcriptional activatiolf¢w and
Berk, 1992 Queridoet al, 1997 Teodoro and Branton, 199¥lartin and Berk, 19981999. In
addition, E1B55K can function as an E3 small ubiquitike modifier 1 (SUMO21)p53 ligase;
the SUMOylation and subsequent sequestration of p53 in nuclearNBdLmay facilitate
export of p53 from the nucleuBénnellaet al, 2010. E1B-55K also suppresses p53 activity by
preventing p53 acetylation by p300/CBBsociated factor (PCAF)Li0 et al, 200Q.
Acetylation of p53 promotes higdifinity DNA binding, promoting transcription at p53
promoters. The interaction dE1B-55K with HDAC complexes may also suppress 953
dependent transcriptio(nga and Akusjarvi, 2000
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E1B-55K is able to form a ubiquitindase complex with the Ad E4 open reading frame 6
(E4orf6) protein arnowet al, 1989 alongside the cellular proteins elongins B and C, cullin 5
and Rbx1l (Yew et al, 1999. In this complex, E1B5K acts as the substrate recogmitio
domain whilst E4orf6 binds elongin @lanchetteet al, 2009. This complex promotes the
ubiquitinationand proteasomal degradation of proteins involved in the DNA damage response,
including p53 Queridoet al, 2001 Haradaet al, 2003, the MRN complex $trackeret al,
2002 which is involved in DNA doubkstrand break repailD(Amours and Jackson, 2002
Strackeret al, 2002 Carsonet al, 2003 Petrini and Stracker, 200¥an den Bosclet al,
2003 and DNA ligase IV Bakeret al, 2007. In cells infected with E4 deletion mutants, the
MRN complex promotes concatemerisation of viral DNA by -homologous end joining
(Weiden and Ginsberg, 1998oyer et al, 1999a Evans and Hearing, 20p3Following
reorganisation of PMINBs into nuclear tracks by Ad E4orf3, E4orf6 interacts with MRN
within the modified PMENBs (Carvalhoet al, 1995 Doucaset al, 1996 Evans and Hearing,
2005. A complex of E1B55K, E4orf6, E4orf3 and MRN is then exported to cytoplasmic
aggresoras, where accelerated degradation of ubiquitinated MRN complex proteins agaurs (
et al, 2005.

E1B-55K also plays a role in the export of late viral mMRNAs from the nucleus into the
cytoplasm whilst simultaneously inhibiting the export of cellular mRNBsltg and Flint,
1979. It is also believed that EXB5K may stimulate translation of late viral mMRNAgafada

and Berk, 1999 Although the exact mechanism tich E1B55K enhances late viral mMRNA
export and/or protein synthesis is currently unknown, it has been proposed that the E1B
55K/E4orf6 complex may interact with a cellular factor involved in both mRNA export and
MRNA translation (Berk, 2007). Ubiquitiigase activity of the E1B5K/E4orf6 complex
appears to be required for mRNA export, indicating that ubiquitination of cellular target
proteins may be required for Ad late mRNA expdktopo and Berk, 20Q7Blanchetteet al,
2008. In addition, the accumulation of late mMRNAs in the cytoplasm appeaexqjuire the
NxfL/TAP exporter Yatherajamet al, 201 and is dependent on the nuwieexport signal of
E4orf6 (Weigel and Dobbelstein, 2000

1.26.1.3 E2

Proteins encoded by the E2 regiof Ads are indispensible for viral replicatiddg Jonget al,
20030 (see Chaptr 1.2.6.9. The three proteins encoded in this region arepéld DBP and
pTP. Cellular proteins including octamer transcription factor 1 -(cnd NFI are also

required for efficient replicatiordé Jong and van der Vliet, 1999
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1.26.14 E3

The E3 region encodes a number of proteins with roles in host immune subversion:I9i¢ E3
protein binds to MHC clask molecules, preventing their trafficking to the cell surfdeeséler

et al, 2009. This abrogates the presentation of viral peptides by MHC classitcidating
cytotoxic T cells. E3L9K also reduces cell surface levels of the NK-aetivating ligand
NKG2D, preventing NK cell recognition of infected celldidSharryet al, 200§. The E3

10.4K and 14.5K proteins also affect cell surface receptor expression by forming the Receptor
Internalisation and Degradation (RID) compléxopdinget al., 199). The RID complex acts

to downregulate cell surface expression of the Fas and TRAIL ligands, preventing circulating
NK and T cells from killing the infected celShisleret al, 1997. E3 14.7K plays a role in
preventing host cell death by blocking TNF a n d -ifidRcad dpoptosisgoodinget al.,

1991 Tollefsonet al, 2001 SchneideBrachertet al, 200§. In addition, E3 14.7K interacts

with four cellular proteins designated the 1l14-ineracting proteins (FIRs(reviewed in
Horwitz, 2004. The FIPs have diverse roles within the cell, including-aNB s i gnal

transduction and mitochondrisdduced apoptosis.

1.26.15 E4

The E4 region encodes a multie of proteins with a variety of functions. E4orf3 is a highly
multifunctional protein with roles in immune evasion, suppression of p53 activity, mMRNA
transport and inhibition of the MRN complex. E4orf3 suppresses induction of the host IFN
response by rerganising nuclear PMINBs (Ullman et al, 2007 2008) (see Chaptdr.4.2.
E4orf3 targets the transcriptional -oepressor TIFL to the rearranged PMWBs for
proteasomeanediated degradatiory¢ndola and Hearing, 200Forresteret al, 2019. E4orf3

was also implicated in reorgeation of several protein components of the cytoplasmic mMRNA
processing bodies {podies), a structure involved in mMRNA degradatiGnegret al, 2011). P-

body proteins appear to be targeted to cytoplasmic aggresomes, the site of protein
inactivation/degradation. The targeting of proteins involved in mRNA degradation to sites of
protein degradation mafacilitate the accumulation of late Ad mMRNAGrgeret al, 201).
E4orf3 is also able to suppress gaAction by forming a nuclear complex capable of inducing
formation of heterochromatin at p53 target promoters, preventing p53 binding to Snviadt

al., 2010.

E4orf3 shares some activities with another E4 protein, E4orf6. Both E4orf3 and E4orf6
influence alternative splicing of late Ad mRNAs, resulting in accumulation of late mRNA
transcripts in the nucleusiidgeet al, 1991 Nilssonet al, 200]). E4orf3 and E4orf6 are also
able to inhibit MRN complex function independently of the ESEK/E4orf6 ubiquitin ligase
activity (Boyeret al, 1999a Shepard and Ornelles, 2004n addition to shared functions with
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E4orf3, E4orfé forms a complex with EA%5K; the ubiquitin ligase activity of the EiB
55K/E4orf6 complex is reqred for the nuclear export of Ad late mMRNA3ridge and Ketner,
1990 Woo et al., 2007; Blanchettest al., 2008). E4orf6 is also responsible for SUMO
modification of E1B55K (Lethbridgeet al, 2003.

E4orf4, E4orf6é and E4orf6/7 play roles in transcription. E4orf4 functions as a transcriptional co
repressor; it appears to regulate eane transcription by associating with the key cellular
phosphatase, protein phosphatase 2A (PPBAhdessoret al, 1996 Mannerviket al, 1999.

This complex negatively regulates the transcription of early viral genes by-réowlating
transcription ofJunB a component of the transcription factor-ARKleinberger and Shenk,

1993. E4orf6 was recently shown to associate with the cellular transcription factor homeobox
B7 (HoxB7), facilitating transcription from Ad promoterMiller et al, 2012. E4orf6/7
appears to act as a transcriptional enhancer by promoting the dimerisation of a heteromeric E2F
complex at the E2 promoteDbertet al, 1999. In addition, E4orf6/7 induces transactivation of

E2F by recruitment ohie E2F complex to the E2ZFpromoter $chaleyet al, 2000.

1.2.6.2 DNA replication in species C adenoviruses

Species C Ads have been shown to undergo an infectious cycle of around 36 hours, with virus
replication being initiated at approximately 8 hours fiofction (h.p.i) Wigand and Kumel,

1977 Bodnar and Pearson, 198Rowe et al, 1984 Glenn and Ricciardi, 1988During the

early phase of infection the early region genes are expressed, some of which (the E2 proteins
DBP, Adpol and pTP) are required for the initiation of DNA regtion (Lichy et al, 1981

Lichy et al, 1982. Ad-pol and pTP form a heterodimeri¢hy et al, 1982 and the cellular
transcription factors NFI and NFIIl promote the assembly of théniation complex at the
binding site of the pTHAd-pol complex Mul et al, 1990. Both Octl and NFI was shown to

bend the replication origin into a favourable structural conformation femration complex
assembly ysiak et al, 2004a Mysiak et al, 200449. In addition to E2 and cellular proteins,

the ITRs located at either end of the genome contain the origin of replication as defaied by
acting sequencet¢egwateret al, 1985 Nowocket al, 1985.

Following formation of the prnitiation complex, pTP functions as a primer for replication and
replication is carried out by Adol (King et al, 1997 Websteret d., 1997. DBP is thought to
act as a helicase, unwinding DNA to allow access of the polymerase to assiaglied
template Dekker et al, 1997. DNA synthesis is initiated by Agol catalysing a covalent
reaction between pTP and a deoxycytidine triphosphate (dCTP), forming the-pd®TP
complex (Nagataet al, 1982 de Jonget al, 2003a Mysiak et al, 2004). Two further

nucleotides (AT) are then added to the complex to form the intermediarC ATR.omplex (e
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Jonget al, 20033. This complex is then able to bind the GTA sequence at position 1 of the
genome and initiate elongation. Elongation occurs by a stimpthcement mechanism which
involves Adpol, pTP, DBP and cellular proteinfNI (Nagat et al, 1983 de Jong and van der

Vliet, 1999 de Jonget al, 20033. This process results in the production of a DNA duplex
which contains one parental and one daughter strand. A complementary strand to the displaced
parental strand is then sywesised. The mechanism of this is still unclear; the displaced strand
may anneal to other displaced strands, or annealing of the ITRs may result in a pan handle
structure from which DNA replication can be initiated (reviewetiinet al, 2003.

1.2.6.3 Intermediate gene expression in species C adenoviruses

Upon initiation of DNA replication, the intermediate genes Va2 and IX are expressed
(Natarajanet al, 1984 Matsui et al, 1986 Vales and Darnell, 1989Vinter and Dhalluin,
1991). The pression of Va2 is regulated by a currently undefined cellular repressor which is
titrated out upon genome replicatidduanget al, 2003 Iftode and Flint, 2004 IX and Va2
alongside viral DNA replication playles in upregulating transcriptional activity of the MLP
(Tribouleyet al, 1994 Lutz and Kedinger, 1989 Lutz et al, 1997. Transcription from the L4P

is stimulated by a combination of DNA replication, Va2, E1A and E4orf3 and results in
production of the MLFpositive regulators 122K and L433K (Morris et al, 201Q.

1.2.6.4 Late gene expression in species C adenoviruses

Following the initiation of DNA replication, there is a large increase in late gene expression and
MRNA synthes due to activation of the MLPManley et al, 198Q. The MLP directs
transcription from the major late transcriptional unit (MLTU) regions L1 to L5. Thagoy
transcript is differentially spliced and polyadenylated to produce an array of late proteins
(reviewed in Akusjarvi, 2008). Each mRNA has an identical tripartite leader sequence of non
coding RNA at the 5N end f ordornglsplicimgdkasjarvh e r e
and Pettersson, 1978how and Broker, 197&unnet al, 1978 Ziff and Evans, 1978erget

and Sharp, 1979 Transcription fromthe MLP reaches a maximum at 18 h.p.i and stays
constant for the remainder of infection, resulting in high yields of virus structural and non
structural proteins required for formation of the Ad capsid or for packaging of the Ad genome

into the capsid.

The temporal regulation of MLP expression is both transcriptional anetrpostriptional and
these effects require the activity of 22K and L433K. Early phase transcripts from the MLP
are not alternately spliced or elongated beyond the L3 poly(A) seguehaw and Ziff, 1980
Iwamoto et al, 1989, with the LZXpoly(A) site being preferentially used, leading to an

accumulation of large amounts of 52/55K protein Nevins and Wilson, 19§91 In the L1
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region the 555K spliceacceptor site is exclusively utilised during the early phase. However
the action of the splicing factor k383K changes the preference to the distal Illa acceptor site
during the late stage of infectioharssonet al, 1992 Farley et al, 2004 Tormanenet al,

2006 Akusjarvi, 2008.

Both L4-22K and L433K, in the presence of LH00K, are able to induce production of late
phase proteinsMorris and Leppard, 2009 The L422K and L433K proteins act post
transcriptionally to produce the full complement of major late transcriptional unit mRNAs
(Farleyet al, 2004 Tormanenet al, 2006 Morris and Leppard, 200%nd also upegulate
IVa2, whch acts in conjunction with 122K and/or L433K to upregulate MLP activity
(Tribouley et al, 1994 Lutz and Kedinger, 199680stapchuket al, 2006 Ali et al, 2007
Morris and Leppard, 20091t was recently shown that E3BK activity is controlled in a
phosphorylatiordependent manner by cellular kinases; DplAtein kinase appears to act as an
inhibitory factor whereas phosphorylation by PKA appears to enhaneg3K4function
(Perssoret al, 2012.

Alternative late pranRNA splicing is also controlled by the reversible phosphorylation of
cellular splicing factors known as serine/arginiiah splicing factorfSRSFs). During the early

stages of infection, SRSFs bind to the intronic-tdaressor element within the L1 transcript
which prevents recruitment of the U2 subuni
(Kanopkaet al, 1996. E4orf4 dephosphorylates SRSFs by activating PP2A, allowing splicing

to commence at the distal site resulting in expression oplaee transcriptk@nopkaet al,

1998.

Following transcription and processing, mature late viral MRNAs are selectively exported to the
cytoplasm whilst cellular mRNA export is inhibited. Although not well defined, this process
appears to require the ubiquitin ligase activity of the Ad -BBRB/E4orf6 complex and is
dependent upon the cellular mMRNA export receptor known as Nxf1/WAT® @nd Berk, 20Q7
Blanchetteet al, 2008 Yatherajamet al, 201J. Once in the cytoplasm, late viral mMRNAs are
selectively translated whilst the translation of cellular mRNAs is inhibited. Th&0DK
protein is responsible for the inhibition of cellular protein synthesis by binding the elongation
initiation factor 4G (elF4G), displacing the kinase MnKluéstaet al, 200Q Xi et al, 2009.
Displacement of Mnkl from the cap initiation complex prevents Mmktiated
phosphorylation and activation of the cap binding protein elF4E, resulting in inhibition -of cap
dependent translatiorC(estaet al, 200Q Xi et al, 2004. However, the presence of the
common tripartite | eader in the 5N UTR of A
MRNAs (ogan and Shenk, 1984Dolph et al, 1988 Dolph et al, 1990 Huang and Flint,
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1998. L4-100K binds Ad mRNAs with a preference for tripartite leagtmmtaining mRNAs

(Adam and Dreyfuss, 198Xi et al, 2004. This results in enhanced association of late MRNAs

with elF4G and poly(A) binding protein, facilitatingahslation of viral late mMRNAs by an
alternative mechani sm Koeband Scareided 199800)) sThisne s h
translation mechanism involves initial assembly t he 40S ri bosome subu
the capped mRNA foll owed by mini mal scanni n
then direct the translocation of the 40S ribosome to the initiation site of the mRNA.

1.2.6.5 Capsid assembly in species Cdanoviruses

Following transcription of Ad genes and translation of Ad mRNA transcripts, the resulting Ad
proteins are transported from the cytoplasm into the nucleus for particle assembly. With regards
to hexon, the L4.00K protein acts as a protein scafféo aid assembly of hexon monomers

into trimers Honget al, 2009. The hexon trimers then associate with pVI to be targeted to the
nucleus Kauffman and Ginsberg, 19¥6Penton base monomers appear to independently
assemble into pentamers in the cytoplasm. Likewise, fibre proteins autonomously assemble into
trimers in the cytoplasm. Both penton base and fibre contain nuclear localisgtiats §NLS),
allowing import of assembled multimers into the nucleus. Subsequent assembly of penton
capsomers is thought to occur spontaneously in the nudeuay@anet al, 1994 Franqueville

et al, 2008§.

Once all capsid components are located inside the nucletB3K 4unctions as a scaffold for

the assembly of virus particlegdssler and Young, 1999In Ad5-infected cells, distinct
nuclear penton aggregates are visible at 48 h.p.i which may correspond to capsid assembly
platforms EFranquevilleet al, 2009. In contrast, Adadnfected cells display smaller, more
punctuate aggregates of pentons, which may indicate differences in aapsidbly between

these two serotypesiéll et al, 201Q.

Once the procapsid has been assembled, the Ad genome is packaged into the virus particle at a
precise veex. A packaging sequence containing severalrigii regions is located at the far

left of the genome and is believed to direct insertion of the genome into the cagsidahuk

and Hearing, 2005 The subsequent uptake of DNA intiee capsid is then thought to be
provided by the ATPase activity of IVa®$tapchuk and Hearing, 2008nce the DNA is
packaged, sealing of the ptapsid is promoted by binding of 22K, L1-52/55K and IVa2 to

the DNA packaging sequenc®drezRomeo et al, 2005 Ewing et al, 2007. llla also
associates with 1-52/55K and with the viral DNA packaging domaM4g and Hearing, 2031

The L323K cysteine protease (adenain) then promotes mainrafithe particle to a mature

capsid. Adenain is activated by Ad DNA and the cleavage peptide &fipthe activated
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protease cleaves the protein precursors of VI, VII, VII, Mu and TP resulting in formation of the
mature infectious virion. However, sons¢udies have shown that the packaging of the Ad
genome may be intrinsically linked to capsid assemfifyag and Imperiale, 20R3herefore it

may be that the capsid is assembled around a DNA complex, rather thisoh ge@aome being

imported into a prassembled capsid.

1.2.6.6 Virus release from host cells

During infection with species C Ads, the accumulation of Ad death protein (ADP) leads to lysis
of host cells Tollefsonet al, 1996a Tollefsonet al, 1996f). ADP localises to intracellular
membranesnd may interact with the anaphgsemoting complex (APC) inhibitor MAD2B to
promote cell lysis by an as yet undefined mechaniémg(and Wold, 2008 However, species

B Ads do not encodADP so cannot release progeny virions by this route; it is yet to be seen if
they possess an alternative lysis mechanism. Ads also promote cell lysis by the activity of the
Ad protease cleaving the cytoskeletal component cytoket@tier(et al, 1993. Ads may also
induce autophagy in infected cells to promote release of infectious vidiamgét al, 2008.

The dynein cdactor dynactin appears to enfce trafficking of species C Ad particles to the

cell periphery Engelkeet al, 201).

1.3 The eukaryotic nucleus

1.3.1 Sub-compartmentalisation of the nucleus

The nucleus is a highly heterogeneous structure containing multiple subdomains. Development
of protein tagging and immunofluorescence techniques has allowed the identification of a
number of nuclear domains which plisy dynamic behaviour both in regard to their location
within the cell and their protein constituents. Unlike cytoplasmic organelles, nuclear domains do
not have outer membranes and are divided into distinetauipartments defined by location

of chromosmes [ichter et al, 1989 or excess replicationNei et al, 1998, transcription
(Jacksoret al, 1993 or splicing components$pectoret al, 199J.

Functionally specialised nuclear bodies include the nucleolus,-RBH, Cajal Bodies (CBs),
splicing speckles and paraspecklEgy(re 1-4). Less welcharacterised nuclear bodies include
cleavage bodiesSchulet al, 1996 Schulet al, 1999h Gall, 200Q Bleooet al, 200% Li et al,

20060, PcG domains (reviewed iMargueron and Reinberg, 20llnuclear stress bodies
(nSBs) (reviewd in Biamonti, 2004 Gabriela Thomat al., 2011, Oct1l/PTF/Transcription
(OPT) domains Fombo et al, 1998 Harrigan et al, 2017 and polymorphic interphase
karyosomal associatns (PIKAs) Gaunder®t al, 1991 Pomboet al, 199§. DNA replication,

RNA transcription and DNA repair have also been observed to occur in defined nuclear foci of

around 100 nm in diameter. Transcription and replicationdppear to contain all the
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Figure 1-4. The subcompartmentalisation of the mammalian cell nucleus.

The nucleus is enclosed by the nuclear membrane and a meshwork of intermediate filaments known as
the nuclear lamina. The membrane is penetrated by nuclear pores allowing the exchange of factors
between the nucleus and the cytoplasm. Chromatin domainsatitigy from the same chromosome form

the chromosome territories (dark grey regions), which may overlap or create interchromatin spaces (white
regions). Perichromatin domains (light grey regions) are regions of less dense, transcriptionally active
chromatn. Proteinaceous stiuclear bodies including the Cajal body, PML body, nucleolus, splicing
speckles, paraspeckles, Polycomb group (PcG) bodiesl/PEE/Transcription (OPT) domains, nuclear
stress bodies, Polymorphic Interphase Karyosomal AssociatitiiégPand cleavage bodies are located

in the interchromatin space. The perinucleolar compartment is located at the periphery of the nucleolus.
DNA replication, RNA transcription and DNA repai
Adapted fromLanctotet al, 2007 Hemmerichet al, 2011
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necessf enzymatic activity for their reactions
been proposed that RNA polymerase Il (RNA pol Il) is bound to a transcription factory that
subsequently attracts chromatin templates to the €k, 1999 Cook, 2010. DNA
replication also appears to occur at sites where necessary factors are already concentrated
(Leonhardtet al, 200Q. In contrast to transcription and replication foci, repair of damaged

DNA may to require orchestrated recruitment of necessary repairddakaset al, 2005.

1.3.2 Nucleolus

The nucleolus is a highly multifunctional unit with its belaracterised role being ribosome
subunit biogenesis. At the end of mitosis, nucleoli form around the tandem repeat clusters of
ribosomal DNA (rDNA) genes, resulting in a sobclear domain conograted in proteins
required for rDNA transcription and processing (reviewe8amsvertet al, 2007. The genes
encoding the initial 45S ribosomal RNA (rRNA) are found on nucleolar organising regions
(NORs) located on specific chromosomes and these NORs decondense following mitosis,
facilitating the formation of the mleolus containing transcription factorieRousselet al.,

1996. Transcription of the 45S rRNA is carried out by RNA pol | and the transcript is cleaved
to produce the mature 28S, 18S and 5.8S s rRNAs (reviewBdiswertet al, 2007. These

RNAs are postranscriptionally modified by nucleol®NA containing protein complexes
known as the small nucleolar ribonucleoieins (snoRNPs). The rRNAs are then assembled

with the ribosomal subunits and exported to the cytopl&uisyertet al, 2007.

In order to carry out this complex set of reactions, the nucleolus is organised into regions which
have different functions. Electron microscopic analysis of the nucleolus has identifigd tha
consists of three main sidompartments; the fibrillar centres (FC; regions containing rDNA),
the surrounding dense fibrillar component (DFC; regions involved in rRNA transcription and
initial processing) and the granular component (GC; regions iego initial ribosome
assembly) $cheer and Hock, 1999n addition to rRNA synthesis and ribosome assembly, the
nucleolus is also implicated in sensing strédsbpi and Milner, 2003 inducing p53 activation
(Itahanaet al, 2003 Korgaonkaret al, 20®b; Gjerset, 200§ cell cycle control Cockell and
Gasser, 199®Diaz-Cuervo and Bueno, 200Blwang and Madhani, 20D9DNA repair Lee et

al., 2005 Kotoglouet al, 2009 Mastrocola and Heinen, 20L&nd RNA processinfreviewed

in Gerbiet al, 2003.

Cell cycle regulation by the nucleolus is mediated by -pasisiational rodification of cell
cycle proteins. The SUMGpecific protease termed SUMO1l/senspecific peptide 5
(SENP5) is found concentrated within nucle@iofig and Yeh, 2006and depletion of SENP5

caused defects in cell cycle regulation and nucleolar morphobgyBdcco et al, 200§.
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Protein phosphatase 12 (PPl1l2) is found conce
to the cytoplasm and kinetochomhsring mitosis Trinkle-Mulcahyet al, 2006. At the onset of
anaphas especifc bilRliadL protein termed cell division cy@ssociated 2 (CDCA2)
induces the redistributed of V\aBnhrellietftal, 2006. t he ¢
PP1o appears to remain associated with <chro
nucleoli (Trinkle-Mulcahy et al, 2009, indicating a role for the nucleolus in chromosome

segregation.

In addition to protein modifications, protein sequestration in the nucleolus also appears to
facilitate cell cycle regulation. Telomerase reverse transcriptase (TRT) is sequestered i
nucleoli by interaction with the nucleolar protein CEBfrtset al, 2004 and is released at the

end of mitosis to facilitate telomere replication at the end of G2 phésedget al, 2002. This
indicates that the nucleolus may regulate the activity of telomerase during the cell cycle. This is
supported by evidence that the nucleolar sequisiraf TRT is lost in transformed or DNA
damaged cells, indicating loss of this activity may contribute to tumorigen&sisg(et al,

2002.

The nucleolus also appears to regulate stress responsé%. igld positive regulator of p53
stabilisation and activation by sequestering the-yhiguitin ligase HDM2 in the nucleolus
(WsierskaGadek and Horky, 2003 This results in an increase in levels of p53, facilitating
transcription of p21 and cell cycle arrest. Rilimg subunit biogenesis in the nucleolus is also
tightly regulated following cellular stress. Following stressun N terminal kinase 2 (JNK2)
phosphorylates the transcription factor AR, which can no longer interact with RNA pol |
thus inhibiting trascription Mayeret al, 2005. Ribosome subunit transcription is also thought
to be negatively regulated by a mIRIBK-MAPK pathway following various stress stimuli
(James and Zomerdijk, 200DNA damage has also been shown to reduce RNA pol | synthesis
in an ATRdependent manner by abrogating assembly of the transcription initiation complex
(Kruhlak et al, 2007. Epigenetic modifications also appear to play a role in the regulation of
rRNA synthesis following stress. Pdsanslational modification of histone proteins resulted in
transcriptionally silent chromatin in timeicleolus Tanakaet al, 201Q Xie et al, 20139).

The nucleolus is also involved RNA modification. The most prevalent pdstnscriptional

modi fi cat i on-9-ribosk mathRdNidn amdmpseud@ulgylation, which are carried out

on the praRNA template by snoRNPs in the nucleolus (revieweligs, 2002 Materaet al,

2007). The snoRNAs haveomplementary sequences to the target RNAs and thus act as a guide
for modification. SonetRyNt#os haveea sqmaemesl mdatii keowdasa 2 N

C/D box, which is thought to determine the site of modification which is then carried out by a
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smORNP KissLaszloet al, 1996 Omeret al, 2009. The C/D box snoRNAs interact with a
specific set of proteins to form the C/D RNPs; fibrillarin, NOP56, NOP581&eK (Omeret

al., 2002 Aittaleb et al, 2003 Bortolin et al, 2003 Rashidet al, 2003 Tranetal., 2003. The
snoRNAs which catalyse pseudouridylation of target RNAs typically exhibit short consensus
sequences known as H/ACA boxasd a characteristic hairpin loop structu@afiotet al,
1997h. Akin to C/D box snoRNAs, H/ACA box snoRNAs dictate the site of pseudouridylation
(Gand et al, 19973. These RNAs interact with proteins dyskerin, NHP2, GAR1 and NOP10 to
form the H/ACA snoRNPRakeret al, 2005 Charpentieet al, 2005.

Nucleoli have also been implicated in the production and modification of RNP classes other
than rRNPs Posttranslational modification and assembly of spliceosomal small nuclear
ribonucleoprotein (SNRNPs), telomerase and microRNAs (miRNAs) were found to involve the
nucleolus (reviewed iGerbiet al, 2003. Numerous RNA pol IHranscribed RNAs appear to
required modification or maturation in the nucleolus, including the 7S RNA of the signal
recognition parti@ (SRP) Jacobson and Pederson, 1998tRNA processing enzyme known

as RNase PJacobsoret al, 19979 and spliceosomanRNP U6 Ganotet al, 1999. This
indicates that RNA pol IHranscribed RNAs may follow specific nucleolar import pathway

for modification. In addition to RNA maodifications, the nucleolus has also been implicated in
RNA editing. Photobleaching experiments revealed that the RNA editing enzymes RNA
specific RNA deaminase 1 (ADAR1) and ADAR#e in constant flux into and out of the
nucleolus Desterroet al, 2003, with ADAR2-mediated RNA editing occurring within the

nucleolus Yitali et al, 2003.

Finally, the nucleolus also appears to be involved in the production of isteafering RNA
(siRNA). An miRNA known asniR206was shown to colocalise with the 28S rRNA in the GC

of the nucleolusHolitz et al, 2009. Thisindicates that miRNAs may be able to associate both
with nascent ribosomes in the nucleolus and with mature ribosomes in the cytoplasm. In plant
cells, multiple siRNA processing enzymes were found to localise in the nucleolus alongside
siRNAs, indicating lhat processing of sSiRNAs may occur in this compartmiengt(al, 20063.

It was also suggested that stge or sequestration of the RNHAduced silencing (RISC)

complex may also occur in the nucleolé®test al, 2009.

1.3.3 Promyelocytic leukaemia nuclear bodies (PMENBS)

PML-NBs are defined by the localisati@i marker proteins to form ringhaped structures
within the nucleus, and generally do not contain nucleic @aisyertet al, 200Q. Despite
being devoid of DNA, PMENBs can associate via chromatin with transcriptionally active gene

regions including the MHC class 1 gene locus and the p53 gene &iluessét al, 2003 Sun
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et al, 2003 Wang et al, 2004 Kumar et al, 2003. PML-NBs are often found in close
proximity to other nuclear bodies, such as CBs, splicing speckles and nuGenidéet al,

1996. They are dynamic structures and can change in terms of size, number and position within
the nucleus as theell cycle progressesChanget al, 1995 Kurki et al, 2003. PML-NBs

appear to be stress responsive; they have been noted to disperse in response to cellular shock
induced by heat, heavy metal espoe Maul et al, 1995, DNA damage Carboneet al, 2002
Bernardiet al, 2004 Conlanet al, 2004 Salomoniet al, 2009 and viral infection Doucaset

al., 1996 Ahn and Hayward, 1997 eppard and Everett, 1998damson and Kenney, 2001
Burkhamet al, 200]). Moreover, there is transcriptional-oegulation of PMENB constituents
following stress; PML is upegulated at the transcriptional lev®t p53 (e Stanchinat al,

2004 and both PML and SP100 are transcriptionallyregulated by IFNb treat men
(Grotzingeret al,, 199§, resulting in an increase in the number and size of {RIBE.

PML is a tumour suppressor peat which becomes fused to the retinoic acid receptor
(RARM) in acute promyelocytic leukaemia, leading to inactivation of the PML prdbethéet

al., 1991 Kakizukaet al, 199). PML is essential for the formation of PMIBs (shovet al,
1999. Multiple proteins have been associated with PNBs either partially or temporally,
including the transcriptional repressor Daxx and the transcriptional regulator SBAO0Oet

al., 1999. Formation of PMENBs appears to require protein modification by SUMOs, which
are conjugated to target proteins by the activity of three proteins; the E1 Sidtiw@ting
enzyme (SAE1/SAE2 heterodimethe E2 SUMGconjugating enzyme UBC9 and E3 SUMO
protein ligasesJohnson and Blobel, 199Johnsoret al, 1997 Schwarzet al, 1998. Multiple
PML-NB proteins are covalently modified by conjugation to SUMSihsdorfet al, 1997
Zhonget al, 2000a Van Dammeet al, 201Q. This modification is reversible and appears to be
crucial for the recruitment of proteins to PNNBs, & it enables noenovalent interactions
between SUMOylated proteins with proteins containing SUik@racting motifs $henet al,
2006. SUMGO-1 modification of PML appears to induce formation of RMBs (Muller et al,
1998 and is essential for the recruitment of Dabshévet al, 1999. The current model fohe
formation of PMLNBs suggests that disassembly (e.g. during mitosis) is due to
deSUMOylation of PML, whilst SUMOylation of PML (e.g. during interphase) facilitates
interaction of PML with other SUMOylated proteins, resulting in formation of PN\Bs (Shen

et al, 2009.

The function of PMENBs appears to be a site for proteircreetment and modification
including phosphorylation, acetylation, ubiquitination and SUMOylation. These modifications
can have varied outcomes including protein activation, inactivation, sequestration or
degradation. As a result, PMIIBs have been implited in a diverse array of cellular functions
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including senescence, apoptosis, immune signalling and transcriptional regulation (reviewed in
Bernardi and Pandolfi, 200Bernardi et al, 2008 Tavalai and Stamminger, 2008The
implication of PMLNBs in such an array of cellular functions may also be a reflection of the
heterogeneous nature of PNNBs. Alternative PML isoforms can resuh formation of
different PML-NBs (Murataniet al, 2003. Indeed, subsets of PMABs within a cell appear to

have diverse protein compositions and can also be associated with different chromosomal
regions Shielset al, 2007).

In addition to their formation being dependent on SUMOylation, M\Bs have been proposed

to act as a key cellar site for protein SUMOylationMan Dammeet al., 201Q Saitohet al,

2009. Indeed, protein SUMOylation appears to be induced by PML in y@asmnpy et al,

2006 and the SUMOylation of PML itself and target proteins appears to depend onJpieih. (

et al, 2009. Although PML has been proposed to act as a U3 SUMO ligase, this is yet to be
proven in a mammalian system. However, other U3 SUMO ligases have been shown to locate in
PML-NBs (revewed in Seeler and Dejean, 2003ndicating they are a key site for protein
SUMOylation. SUMOylated proteins can also be recruited to MNBls for further
modifications including acelgtion and phosphorylatiorGgorgeset al, 2011). SUMOylaion

of target proteins may also trigger their release from MBs (Parket al, 2007.

PML-NBs also appear to have roles in transcriptional regulation. Transcriptional activators,
repressors and histone modifiers are all present in-RB& (shovet al, 199; Zhonget al,
20004 Kiesslichet al, 2002 Seeleret al, 1998 Wu et al, 200). PML-NBs are frequently
found in close proximity to highly acetylated chromatBoiSvert et al, 2000 and nascent
RNA has been detected at the periphery of AWNBs, particularly at the G1 phase of the cell
cycle Kiesslichet al, 2009. PML-NBs have been suggested to mlathi transcription at the
MHC class | gene locus by modifying chromatin architect®fgglset al, 2001 Wanget al,
2004 Kumaret al, 2007). PML-NBs have also been implicated in heterochromatin remodelling
at the G2 phase of the cell cycleu€iani et al, 200§ and chromatin condensation by PML
NBs is suggdsd to induce transcriptional suppression during cellular senescémaeget al,
2005 Ye et al, 2007 Vernieret al, 201J).

Another key role for PMENBs is DNA damage control. PMNBs colocalise with sites of
DNA repair and singkstranded DM (ssDNA) Bischofet al, 2001 Boeet al, 200§ and also
contain numerous proteins involved in DNA repair and cell cycle checkpoint control (reviewed
in Dellaire and Bazetlones, 2004, 2007). Moreover, PML is phosphorylated and aaxtivst
several DNA damagactivated kinases including ATM, ATR, homeodomaiteracting
protein kinase 2 (HIPK2) and checkpoint kinase 2 (CHK®llgireet al, 200§. Some studies
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have also indicated a role for PMNBs in DNA repair. However, the association of DNA
repair proteins with PMINBs generally occurs at late time points following DNA damage
(Carboneet al, 2002 Dellaire et al, 200§ and the association of PMUBs with ssDNA is
more proficient in cells defective in certain DNA repair functio®®od et al, 2009.
Nevertheless, there is accuntiig evidence of a role for PMNBs in homologous
recombination repair (HRR). PMknockout cells exhibit a high level of sister chromatid
exchange, which occurs when there is defective HRR path@r@nget al, 1999. PML-NBs
were also shown to interact with telomeres in certain cancer cells which maintain telomere
length in a telomerasedependent manner by a mechanism known as atteeriengthening of
telomeres (ALT) Bernardi and Pandolfi, 20D3Although the process is not well understood, it
is thought to involve HR of telomeric DNAMuntoni and Reddel, 2009raskovicet al,
2009. However, ALT can occur in telomerasegatve cell lines in the absence of PNNBSs,
indicating that PMENBs are not essential for HRdyapalaret al., 2008.

Although the role of PMINBs in active DNA repair remains inconclusive, the role of PML in
induction d cell cycle arrest and apoptosis following DNA damage is well clarified. PML
knockout mouse cell lines exhibit marked defects in apoptosis induction following activation by
a panel of preapoptotic stimuli Bernardi and Pandolfi, 2003Takahashiet al, 2004.
Following DNA damage, ATR activation results in phosphorylation and activation of PML. By
association with the nucleolar protein L11, PML sequesters the p53 ubiquitin ligase HDM2 in
the nucleolus resulting in an increased stability of pB8rijardiet al, 2004. PML also
promotes the phosphorylation of p53, which enhances the acetylation and activation of p53 by
CBP Hofmannet al, 2002b. Additional p53 regulators have also been shown to accumulate in
PML-NBs, including protein inhibitor of activated STAT (PIAS), herpes vassociated
ubiquitin-specific protease (HAUSP) and the deacetylase sirtuin 1 (SIRKJahgagnaet al,

201]. This indicates that a fine balance between-ff®ressors (e.g. SIRT1) and p53
activators (e.g. CBP) within the PMAB may dictate the activation or suppression of p53.

PML can also timulate apoptosis by p58dependent pathways. Following DNA damage,
PML induces the autophosphorylation and activation of CHK2, which is then released from
PML-NBs to exert apoptotic effecyéanget al, 2002 Yanget al, 200§. PML also interacts

with a positive regulator foFasinduced apoptosis known as FLIG@Esociated huge protein
(FLASH) (Milovic-Holm et al, 2007. Under steady state conditions, FLASH is located at the
PML-NB. Following Fas activation, FLASH is released from RMBs and targets to the
mitochondria where it stimulates the cleavagd activation of caspase Bli{ovic-Holm et al,

2007). In contrast to PML which appears primarily fpoptotic, Daxx has been reported to
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both stimulate and suppress apoptosizi{ et al, 1999 Zhonget al, 2000h Chen and Chen,
2003 Meineckeet al, 20079.

PML, Daxx and SP100 have all been implicated in thenarai functions of PMENBs. Daxx
induces transcriptional silencing at viral promoters following viral infection by interawifithn

a histone deacetylas&4dffert and Kalejta, 2008Huanget al, 2009. SP100 has also been
implicated in suppression of early viral gene expressitegérevet al, 2009. In additbn,
PML can stimulate IFM-mediated apoptosis by interfering with ubiquitination. Under steady
state conditions, an E®iquitin ligase (E3JbL) complex targets and ubiquitinates Death
associated protein kinase 1 (DAPK1), a positive stimulator fordffhediated cell death. Upon
IFN-0  t r eat meUblt gomplexhie sedu8stered by PML into PMIBs, preventing
DAPK1 ubiquitination and degradation, thus stimulating apoptbasisdt al., 2010.

Another key cellular function of PMINB appears to be senescence. As mentigmediously,

PML is able to induce p53 activation by a number of mechanisms, resulting in stimulation of
senescence pathwayddfmannet al, 2002 Bernardi and Pandolfi, 2008e Stanchinat al,

2004). PML-NBs also appear important for formation of heterochromatin domains known as
senescencassociated heterochromatin foci (SAHFs) which are believed to suppress activity of
growthrinducing genesNaritaet al, 2003). The formation of these domains appears to depend
on the histone chaperones HIRA and ailéncing factor 1 (ASF1) which stimulates the
incorporation of histone protein 1 (HP1) and the transcriptional silencing histone macro2A on to
target chromai (Zhanget al, 2005 Ye et al, 2007 Jianget al, 2011b. Prior to its association

at SAHFs, HIRA traffics via PMINBs and this appears to be critical for SAHF formation and

induction of senescenc&hianget al,, 2005.

PML appears taontrol the activity of various cellular phosphatases and kinases in order to
exert tumour suppressor functions. PML abrogates RiRédiated pRb phosphorylation by
dephosphorylating pRb, facilitating suppression of proliferation and increased diffecanitiati
neuronal progenitor cellkegadet al, 2009. PML can also exert anatieoangiogeic activities

by abrogating the prangiogenic mTORPKB pathway at two different levels. PML firstly
enhances PP2A phosphorylation of the paicogene PKB by sequestering both proteins into
PML-NBs, resulting in dephosphorylation and inactivation of PRBotman et al, 2009.
Secondly, PML can promote nuclear retention of the suppressor protein phosphatase and tensin
homologue (PTEN) by abrogating its ubiquitination BIAUSP (Song et al, 200§.
Ubiquitination of PTEN appears to correlate with nuclear retention and tumour suppressor
activity (Songet al, 200§.
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1.3.4 Splicing speckles

Nuclear speckles (interchromatin granule clusters [ICGs]), W@rasclear domains containing

high levels of factors required for pneRNA processing, transcriptional elongation and
chromatin remodelling complexes (reviewedLimmond ad Spector, 2003 Nuclear speckles

range in size from one to several micrometers in diameter and are composed of granules
connected by thin fibrilsThiry, 1995. Splicing speckles, like many nuclear bodies, are highly
dynamic structures; fluorescence microscopy studies revealagniychange in the shape and
fluorescence intensity of speckles over tinMisteli et al, 1997 whilst photobleaching
experiments revealed that there is a rapid flux of speckle components between speckles and the
surrounding nucleoplasnKfuhlak et al, 200Q Phair and Misteli, 2000 Splicing speckles vary

in number and size according to levels of splicing and transcription faSjpestoret al., 1997

Spector, 1993Melcak et al, 200Q Huang and Spector, 199®listeli et al, 1997, cell cycle

stage Reuteret al, 1985 Spector and Smith, 198Berreiraet al,, 1994 Thiry, 1995 Verheijen

et al, 1986 Leseret al, 1989 Ferreiraet al, 1994 Prasanttet al., 2003 Brown et al, 2009

and following virus infectiorfJimenezGarcia and Spectot993 Bridgeet al,, 1995.

The exchange rate of factors between spsckied the nucleoplasm appears be dictated by
phosphorylation. Phosphorylation of the serine/arginicle domain of SRSFs appears
necessary for translocation of SRSFs from speckles to sites of transcription ani& e
processingNlisteli et al, 1998 and is also required for their association with the spliceosome
(Mermoudet al, 1999. Kinases involved in regulation of SRSFs and RNA pchrk also
present in speckleCwill et al, 1996 Ko et al, 2001 Kojima et al, 2001 SacceBubulya

and Spector, 2002Increased exit of proteins from speckles can be induced by introduction of
genes JimenezGarcia and Spector, 199Bridge et al, 1995 or overexpression of kinases
(Colwill et al, 1996 SacceBubulya and Spector, 2002

The structural proteins of nuclear speckles are not well defined. Recent studies revealed that
depletionof the large SRSF protein Son abrogated the recruitment offithidessing factors to
nuclear speckles, indicating a role for Son in speckle asse®bérrfaet al, 2010. Speckles

also contain abundant lodiyed polyadenylated prenRNAs which are thought to play a rate

the structure of speckleslgang and Spector, 199Butchinsonet al, 2007. Furthermore, it

was recently shown that a tethered, spliced RNA pol Il mMRNA transcript recruitedRixeé\

splicing factors resulting in formation of speckles, indicating that ongoing transcription is

necessary for speckle formatiddhievtsov and Dundr, 2011

Nuclear speckles contain a plethora of proteins involved in gene expression, including pre

MRNA s pl i ci 4prgcesaimgdact@d\iraesarigtion factors, RNA pol Il, mRNA export
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and trankation factors [(arssonet al, 1995 Mortillaro et al, 1996 Zenget al, 1997 Schulet

al., 1998h Saitohet al, 2004 Dostieet al, 200Q. Splicing speckles are believed to act as a
local store of splicing factors whilst splicing itself occurs pritgain the surrounding
perichromatin fibrils (reviewed iBpector and Lamond, 20l Furthermore, numerous kinases
and phosphatases responsible for regulation of splicing compoaentenriched in speckles,
indicating a role for splicing speckles in the regulation and storage of splicing facobnsll( et

al., 1996 Trinkle-Mulcahyet al, 1999 Ko et al, 2001 Kojima et al, 20021 Trinkle-Mulcahy

et al, 2001 Bredeet al, 2002 SacceBubulya and Spector, 20p2Splicing speckles contain
high concentrations of spliceosome components such as shnRNPs and BBi$&isdét al,
1979 Spectoret al, 1983 Fu and Maniatis, 199G-u, 1995 Saitohet al, 20094. SRSFs appear
to be involved in both constitutive and alternative-m@NA splicing Cacereset al, 1997
Xiao and Manley, 1997Lai et al, 200% Lin et al, 2005. SRSFs are required to commit the
premRNA to the splicing pathway~(1, 1993 and have been shown to bettanscriptionally
recruited alongside other splicing factors to the RNA pol Il complex to facilitate co
transcriptional splicingGornemanret al, 2005 Lacadie and Rosbash, 2Q0Q5stermanet al,
2006. Splicing speckles have also been shown to contain a long, nuclear retaireastimgn
MRNA termed metastasassociated lungdenocarcinoma transcript 1 (MALAT1) (reviewed in
Wilusz et al, 2009. MALAT1 appears to be involved in the raiment of SRSFs from nuclear

speckles to sites of active transcripti@efnardet al, 2010.

Despite often being close to sites of active transcription, speckles are generally found in
nucleoplasmic regions containing little to no DNFh{ry, 1995. Their close assaafion with

sites of active transcription indicates a close association with gene expression. Indeed,
chromosomal regions rich in geneding regions (R bands) appear to associate with speckles at
much higher frequency than chromosomal regions encoding louvebers of genes (G bands)
(Shoplandet al, 2003. Moreover, certain genes have been shown to preferentially locate in
close proximity to splicing speckles, although this appears to be independent of transcription or
premRNA splicing at theséoci (Huang and Schneider, 1994ing et al, 1993 Xing et al,

1995 Smithet al, 1999 Johnsoret al, 200Q Moenet al, 2004 Brown et al, 200§. Several
components of the RNA pol Il complex have been shown to be enriched in sp&ekigdn

et al, 1995 Mortillaro et al, 1996 Mintz et al, 1999 Saitohet al, 2009. A regulator of the

RNA pol Il complex, the CDK9/cyclin T1 complex, also partially colocalises with speckles
(Herrmann and Mancini, 20D1This complex is rggnsible for phosphorylation of RNA pol 11,
stimulating transcriptional elongation (reviewed Hmice, 200 Furthermore, the cellular
protein termed factor that binds to inducersbbrt transcripts protein 1(FBl) was found to

colocalise in speckles with its cellular-tactor positive transcription elongation factor b (P
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TEFb) and the HIVL transcriptional activator TatPéndergraset al, 2002 Pessleret al,

1997. A chromatin remodelling factor known as high mobility group (HM@)has also been
shown tolocalise in a similar nuclear distribution to FBI(Hock et al, 1998. Therefore
although transcription is not believed to occur within splicing speckles, a subset of
transcriptionassociated proteins appears to be present in speckles. This indicates a strong link
between splicing and transcription, which may facilitate formation ofieglicomplexes once
transcription is initiated or regulation of transcription by modification of specific factors.

In addition to acting as a store for splicing factors, recent data indicates splicing speckles may
also have a direct role in splicing. RTERNA splicing is an essential mechanism for gene
expression in mammals where protein coding regions in genes are separatedcbyingn
regions (introns). Splicing is conducted by the spliceosome, a multimeric complex composed of
the Ul, U2, U4, U5 and UBnRNPs alongside an assortment of protein factors (reviewed in
Wabhl et al, 2009. In addition, some transcripts are spliced by an alternative spliteog&he

U12 spliceosome) in which U1, U2, U4 and U6 snRNPs are replaced by the U11, U12, U4atac
and U6atac snRNP&Mill and Luhrmann, 2006 RNA splicing can occur either €or post
transcriptionally. The distinction between-and postranscriptional splicing appears to be
important for regulation of splicing; dpanscriptional splicing may allow regulation by
transcriptiondependent factors, whereas pwanscriptional splicing maallow regulation by

more diverse mechanisms (reviewedHan et al, 2011 Razinet al, 2011). The ratio of ce
transcriptional versus pestnscriptional splicing is currently unknown, as are the factors
governing the selection. It seems that whilst constitutive introns aitearcscriptionally
processed, atnative splicing can occur after transcription, when the mRNA is released into the
nucleoplasmVargaset al, 201). Cotranscriptional splicing appears to occur for the majority

of constitutively expressed transcripts:situ hybridisation revealed the location of spliced
MRNAs at their corresponding gene loZh&nget al, 1994 and spliced mRNA was shown to
locate at sites of disrupted chromatBa(ren and Wieslander, 199%8andyalones and Black,

2009. In transcriptionallysynchronised cells, introns were removed from nascent RNA prior to
completion of transcriptionSingh and Padgett, 2009Splicing factors also appear to be
recruited to nascent transcripts in at@nscriptional manneornemanret al, 2005 Lacadie

and Rosbash, 200%istermanet al, 2006 Panditet al, 2008. It has beerproposed that as

most eukaryotic cells contain short exons and long introns, this allows sufficient time for the
splicing machinery to recognise the 5N and
co-transcriptional splicing of exons locatedt the 5N end of-mENAnes.
introns | ocated a tintron lranscriptdljmoeenfebquently unoargo tpastp | e

transcriptional splicing, presumably because termination of transcription and cleavage of the
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transcripts occurs beforthe splicing machinery is able to remove the introBaufen and
Wieslander, 1994Pandyalones and Black, 20D9

Although the majority of nascent preRNA appears to locate to adjacent perichromatin fibrils
(Monneron and Bernhard, 19689akan and Bernhard, 197/Hakan and Nobis, 197&markoet

al., 1999, nucleoplasmic prenRNAs were found to accumulate at nuclear speckéssét al,

201Q Vargaset al, 2011 Girard et al, 2012. This indicates that whilst ewansciptional
splicing occurs primarily in the surrounding perichromatin fibrils, p@stscriptional splicing

may occur at the splicing specklegafgaset al, 2011 Girard et al, 2012. As multiple
splicing factors contain signals for speckle retention, it is possible that spliceosomes along with
their RNA substrate may have an enhanced affinity for specRBi@sctor and Lamond, 2011
Girardet al, 2019. The subsequent release of spliced mRNA from speckles reaydépend

on interactions with the mRNA nuclear export pathwiaget al, 201Q Girardet al, 2019.

Nuclear speckles have also been implicated in alternative splicing. Most eukaryotic genes are
subject to alternative splicing, whereby different mRNA spliceos are produced from the

same pranRNA transcript (reviewed ihuco and Misteli, 201}l Alternative splicing allows

for increased regulation of gene expression and increased variety in the resulting proteome. The
transcription elongation regulator 1 (TCERG1) functionarasntegrator between transcription

and splicing and appears to be enriched in nuclear spe8dashezAlvarezet al, 2006. This

protein was found toictate alternative splicing of piaRNA, implying that splicing speckles

may play a role in alternative splicinlylonteset al, 2019. In addition, MALAT1 appears to

play a role in alternative splicing by modulating the phosphorylation status of the essential
splicing factor SRSFZI(ipathiet al,, 201Q.

1.3.5 Paraspeckles

Paraspeckles are nuclear subdomains defined by dacati several paraspeckle marker
proteins; paraspeckle protein 1 (PSP1), PSP2;R®d domaircontaining, octamer binding
protein (NONO) and splicing factor proline/glutamirieh (SFPQ) Dundr and Misteli, 2002
Fox et al, 2009). Paraspeckleappear in the nucleus as foci in close proximity to, but distinct
from, splicing speckles. Recent bioinformatic data found that a longoding mRNA known

as NEAT1 was specifically localised to paraspeckles, whilst NEAT2 localised exclusively to
splicing specklesHutchinsonet al, 2007 Chen and Carmichael, 2008lemsonet al, 2009
Sasakiet al, 2009 Sunwoo et al, 2009. Depletion of NEAT1 was shown to disrupt
paraspeckle morphology, indicating it is a necessary structural compoGéen (and
Carmichael, 2009Clemsonet al, 2009 Sasakiet al, 2009 Sunwooet al, 2009. The NEAT1

locus encodes two forms of NEAT1, a short transcript (NEAT1_1) and a long transcript
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(NEAT1_2) Guru et al, 1997. Depletion of NEAT1 2 was shown to disrupt paraspeckle
morphology, indicating it that it is a necessary structural fa8asdkiet al, 2009. Although
NEAT1_1 cannot induce paraspeckle formation alone, itsexgression increased the number

of paraspeckles in NEAT1-@xpressing cellsGlemsonet al, 2009, indicating it may regulate
paraspeckle formation under certain conditions. The formation of speckles is proposed to occur
via a recruitment mechanism; NEAT1 2 intésaonvith SFPQ and NONO, leading to
recruitment of additional factors PSP1 and NEAT1_1 to form paraspe8dsakiet al, 2009
Souquereet al, 2010.

The function of paraspeckles appears to be regulation of the expression ofeliidy
transcripts by associating these transcripts with other numtees Bond and Fox, 200 hen

and Carmichael, 20)J0An alternatively spliced form of the cationic amino acid transporter
MRNA termed CTNRNA was shown to localise to paraspecksaganttet al, 200§ . The 3N
untranslated region (UTR) of this transcript contains invertedtratrsposon sequences which

form intrastrand doublestranded RNAsRrasanttet al, 2005. This structure is recognised by

ADAR, which catalyses the conversion of adenosines to inosBeess (and Weintrauld,988

Wagneret al, 1989. ADAR-me di at ed modi fi cat i €RNA apfearstthh e 3 N
lead to its accumulation in paraspeckles and retention in the nucleus, thereby inhibiting its
expressionFrasanttet al, 2005. Inverted retrotransposon sequences are foutd &t 3 Nj UTR
of a number of mammalian mMRNAs, therefore the expression of these transcripts may also be

regulated by paraspeckle retenti®@aglkneret al, 2009.

Paraspeckles have been found to be absent in human embryonic stemChels and
Carmichael, 2009 indicating the regulation of certain mRNA expression by these structures
may be developmentally regulated.dddition, NEATZknockout mice appear viable and fertile
(Nakagaweet al, 201)), indicating paraspeckles are not an essential structure and therefore may

be required for mMRNA regulation under certain stress conditions.

1.3.6 Cajal Bodies

Cajal bodies are highly conserved, intranuclear subdomains that function in Ri#atism
(reviewed inCioce and Lamond, 2008 orris, 200§. There are normally between one and ten
CBs per cell and typically appear in transmission electron micrographs (TEMs) as a tangled ball
of fibrillar threads Cajal, 1903 Hardinet al, 1969 Monneron and Bernhard, 196%afargaet

al., 1983. Their number and size can vary in response to cell cycle stage, transcriptional
activity, SnRNP level and cellular stresses such as virus infe&imirddeet al, 1993 Carmo
Fonsecat al, 1993 Sleemaret al, 2001 Fernan@zet al, 2003. The number of CBs in a cell

may be dictated by the ability of the CB to fuse into larger structures or divide into smaller ones
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(Boudoncket al, 1999 Plataniet al, 2002. In addition,de novoformation of CBs may also

occur; this appears to be closely correlated with the snRNP tyalagcuest al, 2009.

CBs are able to move throughout the nucleoplasm mostly by diffusion, although active
processes may be employeddome instancedfataniet al, 200Q Gorischet al, 2004. It
seems that not all CBs within a cell are dynamic at the same time ate estiher mobile or
tethered to specific regions of chromatiigtaniet al, 200Q Sleemaret al, 2003 Dundret al,

2004. The structural integrity of CBs appears to depend on the CB proteins coilin, WD Repeat
containing Antisense to p53 (WRAP53) and FLAS#4i(caroliet al, 2006 Mahmoudiet al,

2010. Genes encoding U1l and U2 snRNAs as well as histone genaskmtiate with CBs
(Frey and Matera, 199%mithet al, 1995 Gaoet al, 1997 Schulet al, 1998a Jacobset al,

1999 Schulet al, 1999a Frey and Matera, 2005hoplandet al, 200). In addition to their
close association witlspecific gene loci, CBs can also associate with other nuclear bodies
including PML:-NBs, cleavage bodies and nucledliafmcFonsecaet al, 1993 Bohmannet

al., 1995 Malatestaet al, 1994 Grandeet al, 1996 Schulet al, 1999 Li et al, 20068,

indicating a role for CBs in intranuclear trafficking.

Although CBs can be surrounded by transcription sifesdénet al, 1997, they contain
inactive RNA pol Il Kie and Pombo, 2006 indicating that they are not sites of active
transcription. In addition, they do not caint poly(A) RNA or the essential splicing factors U2
Auxiliary Factor (U2AF) and SRSF2 and are therefore unlikely to function in spliEiagk@,

1995 Cmarkoet al, 1999 Gall, 200Q. Howe\er, poly(A) RNA was recently shown to be
present in the CBs of European larch microsporocyeto(verzoet al, 2009 Smolinski and
Kolowerzo, 2012 Larch microsporocyte CBs did not contain nascent RNA or splicing factors,
indicating the CB is not a site of transcription or splicing; instead it was suggested that CBs may
act as a storage site for certain mRNAs prior to nuclear export. However, the presence of
MRNA in CBs is yet to be observed in animal cellisé et al, 1993 Huanget al, 1999.

The wellcharacterised functions of CBs are the assembly and recycling of the spliceosomal
machinery(reviewed inCioce and Lamond, 200®%orris, 200§. CBs have been shown to be
enriched in many snRNP and snoRNP components, including the U snRNPs that form part of
the spliceosome for piaRNA splicing CarmoeFonsecaet al, 1992 Matera and Ward, 1993

CBs also contain nonspliceosomal RNAs-endncl uoc
processing and the human telomerase RNA (hTR) component of tekemBachandet al,

2002 Jadyet al, 2004 Zhu et al, 2009. In contrast to the U7 snRNP of amphibi&iu and

Gall, 1993 and HelLa cells Hrey and Matera, 1995 the U7 snRNP ofDrosophila
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melanogastelis found within separate subuclear structures known as histone locus bodies
(HLBSs) rather than CBd.{u et al,, 2006).

The snRNP assembly functions attributed to CBs are U2 snRNP assétabiydt al., 2009,

ref or mat i oesnn RANfP 8gpligiey SEhaffef et al, 2004 Stanek and Neugebauer,

2004 and U snRNA modificationJadyet al, 2003. The biogenesis dnRNPs involved a

series of reactions in both the cytoplasm and the nucleus. Small nuclear RNA (SnRNA)
molecules U1, U2, U4 and U5 are synthesised in the nucleus by RNA paduiphiy et al,

1982. Following transcription, there is addition of arigthylguanosine () cap at t he
of the RNA molecule and addi d{Mattajalb86dacobsbne ot i d
et al, 1993. The mG cap is bound by the cdgnding complex (CBC) to promote transport of
snRNAs into the cytopkan, alongside the phosphorylated adaptor protein for RNA export
(PHAX) (Ohnoet al, 200Q. Interestingly, recent data also suggests that trafficking of SnRNAs

via the B may be required for snRNA expo&uyzukiet al, 2010. Once in the cytoplasm, the

RNA undergoes maturation of the 3N end and 1
form the snRNP, which is facilitated by the multimeric survival motor neuron (SMN) complex
(reviewed inKolb et al, 2007 Chariet al, 2009 . The 5Nj end of the RNA
to form a 2,2,7methylguanosine (§&) cap Mattaj, 1986 which is then recognised by
snurportin 1 Huberet al, 1998. The SMN pratin complex functions to import snRNPs from

the cytoplasm into tNamayanaretcal, 2004 Reeently, the Rlgdor t i n
chaperone protein WRAP53 was also identified as an essential factor for cytoplasmic snRNP

assembly and subsequent trafficking into the nuclgladhfoudiet al, 201Q.

Once inside the nucleus, SMN interacts with coilitelfertet al, 2001 and phosphorylation of
coilin appears to dictate the interaction o
(Toyotaet al, 201Q. At the CB, snRNAs undergo peasanscriptional modifications including
2 -Mymethylation and pseudouridylation, which aredgai by the CBspecific guide RNAs
(scaRNAs) Darzacget al, 2002 Jady et al, 20094. Akin to the nucleolar snoRNPs, the
scaRNAs guide complementary bgssring between RNAs and target sequences in order to
synchronise RNA modification. U2 snRNP assembly is also believed to occur within the CB
(Nesicet al, 2009 and the reformation of the $nRNP after each round of splicingchaffert
et al, 2004 Stanek and Neugebauer, 2D0Bollowing modification at the CB, mature snRNPs
acquire additional accessory proteins from splicing speckiéstgli and Spector, 1997and
undergo further maturation before the mature spliceosome complex is assembled at transcription
sites on prenRNAs (reviewed irNilsen, 2003 Patel and Bellini, 2008 U snRNPs can then be
recycled back to CBs from other regions of the nucleus by the SMN congiiexeket al,
2008.
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In addition to snRNP biogenesis, CBs are involved in the recruitment of telomerase to
telomeres. Telomeres are regions of repetitive DNA sequence located at the end of linear
chromosomes, and function to protéot DNA from degradation. However, limitations in the
cellular DNA replication machinery result in telomere shortening over time, leading to cellular
senescenceHarley et al, 199Q Bodnaret al, 1999. Cancer cells act to prevent telomere
shortening and cellular senescence by activating telomerasenaaigaprotein complex which

acts to extend telomere lengt@ounteret al, 1992 Kim et al, 1994 Shay and Bacchett

1997. Active telomerase consists of threebsnits known as hTERT, hTR and dyskerin;
hTERT functions as the reverse transcriptase catalytic subunit, hTR is the RNA subunit which
functions as a template for telomere extension whilst dyskerin is required for telomerase
stability (Fenget al, 1995 Nakamuraet al, 1997 Mitchell et al, 1999 Cohenet al, 200%.

CBs were shown to aomulate telomerase and transiently associate with telomé&hnest al,

2004 Jadyet al, 2009. The accumulation of telomerase within CBs was found to be due to the
activity of WRAPS53, which was shown to play a role in hTR traffickifigcowskiet al, 2009

Jadyet al, 2004 Venteicheret al, 2009. The association of telomerase or telomeres with CBs
appeargo occur during S phase of the cell cycledyet al, 2006 Li et al, 2010. Studies of
mouse Xenopusand human TR indicates th@Bs may be necessary for telomerase recruitment
to telomeres under steadtate conditions, whilst WRAP53 activity appears to be essential for
telomerase recruitment under both steady state conditions and when telomerase is over
expressedl{ et al, 201Q Tomlinsonet al, 201Q Sternet al, 2019. Indeed, disruption of
WRAPS53 function leads t@blation of telomerase trafficking in dyskeritosis congenita, a
genetic disorder characterised by defective tissue maintenance and cancer predispbsitipn (

et al, 2011).

CBs, or the related HLBs iDrosophilg are responsible for expression of replicatil@pendent
histone mMRNAs. Histone expression is activated durih&e to ensure sufficient histone
levels for packaging of newly replicated DNA before the oredetell division. Histone
expression commences at the G1/S transition and is controlled by the cyclin EfaEkgted
phosphorylation and activation of Nuclear Protein Ataxia Telangiectasia (NRA&p €t al,

1998 Ma et al, 200Q. Phosphorylated NPAT activates a histone H4 transcription factor known
as HiNFP, stimulating histone gene transcriptidvi€le et al, 2005. Metazoan replication
dependent histone mRNAs are intronless sondb require splicing and are also the only
MRNAs which do not undergo polyadenylation (reviewedMiarzluff et al, 200§. Instead,
production of mat ure histone mRN-Aooprseugture. r e s
The stem loop binds Stem Loop Binding Protein (SLBP) whilst a conserved downstream

sequence known as the histone downstrelement binds the U7 snRNRI¢wry and Steitz,
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1987. Cleavage between these two elements is then conducted by recruitment of cleavage
factor and currently undefined elemerniominskiet al, 2005 Kolev and Steitz, 20Q3Vagner

et al, 2007 Kolev et al, 2008 Sullivan et al, 2009. Another protein shown appears to be
required for both histone gene transcriptio
(Barcaroliet al, 2006a Yang et al, 2009, which appears to associate with the transcription
factor p73 (a homologue of p53) to promote histone gene transcripi®icglaet al, 2019.

MYC has also been implicated in histone gene transcription by HDBsgshvaet al, 2011).

The association of FLASH with Lsm10 and Lsm11 to form the U7 snRNP is required for
hi st o n-proc8ssipgBurcidet al, 2011. Depletion of HLB proteins wolved in histone
expression impacts progression of the cell cyila €t al, 200Q Zhaoet al, 200Q Miele et al,

2005 Barcaroliet al, 2006a BongiorneBorboneet al, 2010.

As the coilin knockout mouse model is still viable, this intisahat neither coilin nor CBs are
required for the essential steps of spliceosome asseifitkdret d., 200). However, coailin
knockout mice exhibit decreased fertility, fecundity and viabilityalker et al, 2009. The
general consensus for CBs function is to enhance processes that would normally occur at slower
rates in the nucleoplasm, possibly by bringing together essential fadtmsek and
Neugebauer, 2006 Indeed, a recent model proposed thatsnRNP assembly occurs
approximately 10 times faster in CBs than in the surrounding nucleopldsuotfy et al,

2011J). In contrast to coilin, SMN knockout is embryonic lethal, as it is ssemtial factor in
snRNP biogenesis and delivery to the nucl&@eh(anket al, 1997. Mutations in SMN is the
causative agent of the autosomal recessive disorder spinal muscular atrophy (SMA), which
results in progressive atrophy of motor neurons and muscle wdkgfigbvreet al, 1995.
However, it is currently unclear how mutation in a ubiquitowsipressed protein can cause
damage in only a subset of cell types. Sliicient mice were found to have altered
stoichiometry of snRNAs, resulting in widespread and tispeeific Plicing defects
(Gabanelleet al, 2007 Zhanget al, 2009. The formation of the minor spliceosome was also
found to be severely abrogatedSMN-depleted cells, resulting in inhibition of splicing at some
U12-type introns Boulisfaneet al, 2011). This indicates that defects in splicing of a subset of
Ul2-type introns may conbute to the pathogenesis of SMA. However, SMN depletion does
not appear to impact pestnscriptional modification of sSnRNAs, indicating that affects on
differential splicing in SMMNdeficient cells are not due to deficient snRNP maturation
(Deryushevaet al, 2012. In addition to SMN, NPAT, FLASH and HirRF homozygous
knockouts are also embryonic lethal, highlighting their essential roles in histone gene

transcription and processinBi(Fruscioet al, 1997 Xie et al, 2009 De Colaet al, 2013.
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1.3.7 Other nuclear bodies

In recent years a number of additional nuclear bodies have been discovered, although their
functiors are not well characterised. Cleavage bodies have been shown to associate with CBs in
a cellcycle dependent manne8dhul et al, 1996 Schulet al, 1999h Li et al, 2006). PcG

bodies are believed to be involved in transcriptional silencing; PcG proteins form transcriptional
repressive amplexes which silence target genes by inducing-frasslational modification of
histones flargueron and Reinberg, 201The nSB (also known as the Sam68 nuclear body)
forms in response to cellular stresses including heat shock, heavy metal exposurse protea
inhibition or translation inhibition and is often found in close proximity to the nucleolus
(Biamonti, 2004. During stress, general transcription is suppressed in cells and there is
hyperactivation oftranscription of repetitive neooding satellite Il (sat Ill) repeats on
chromosome 9qt12 (Valgardsdottiret al, 2005. The sat Il transcripts remain associated
with the chromosome locus and recruit vagdeasshock specific transcription factors such as
ASF/SF2, resulting in nSB formatiosijevtsov and Dundr, 20L1PIKAs were first observed

as a nuclear substructure consisting of a group of smakdedatteantigens. They appear to be
variable in both size and number particularly during the cell cy8huriderset al, 1991)).
Although the PIKA proteins may associate with chromafaupdes et al, 1991, the function

of PIKAs is still undefined. OPT domains are small nuclear foci that are present in the cell at the
G1 phase but are absent by the S phBemboet al, 1999. They often colocalise with large

PIKA domains and contain high concentrations of the transcription factors PTF and Octl as
well as TATADbinding protein (TBP), SP1 and RNA pol Rgmboet al, 1999. These domains
appear to act as sites of transcription and certain chromosomes preferentially associate with this
domain, indicating OPT domains may facilitate expression of certain gBoesbfet al,

1998. OPT domains may play a role in DNA damage signalling; incomplete DNA synthesis
during S phase was shown to stimulate the formation of OPT domaitssabfsiiamaged DNA

in the following G1 phaseHarriganet al, 201J).

1.3.8 Transcription and DNA replication foci

In recent years it has become apparent that RNA transcription,rBfNitation and DNA repair

occur in small foci within the nucleus of around 100 nm. Rialselling of mammalian cells

during Sphase with nucleoside analogues such as bromodeoxyuridine (BrdU) resulted in the
appearance of DNA replication at several discee si t es within the nucl
f o cNakamufaet al, 1986 Nakayasu and Berezney, 1988nmunolabelling of replisome
components including DNA pol A revealed that these components also gxmbtate nuclear
staining in Sphase nuclei of mammalian and yeast cdgi§ter et al, 2005 Meisteret al,

2007, Natsumeet al, 200§ . These were termed Oreplitocati o
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colocalise with replication foci thus indicating ongoing DNA synthesis at thisHiitagaet al,

2005 Kitamuraet al, 2009. Although the dynamics of DNA replication factories are not well
understood, it is believed that factories form after the initiation of DNA replicaiandpscet

al., 1993 Jackson, 1995Yan and Newport, 199XKitamuraet al, 200§. Akin to humerous

other nuclear bodies, replication factories show dynamic assembly and disassembly kinetics
dependenton cell cycle stagelLéonhardtet al, 2000 Somanatharet al, 200]). Each
replication focus is believed to contain multiple replicons that initiate replication in synchrony
during S phaseBerezneyet al, 200Q. Interestingly, as S phase proceeds, an early firing
replication factory becomes in close proximity to a later firing factodycating that a change

in local chromatin state may trigger replication from the adjacent factory in a temporal manner
(Sporbertet al, 2002 Sadoniet al, 2009.

In recent years, accumulating evidence indicates that transcrgmtams in designated regions
within the nucl eus, termed O6transcription
factory; containing RNA pol I, Il or Ill alongside a specific set offactors Melnik et al,

201]). Transcription by RNA pol | synthesises rRNAs (with thaeption of the 5S rRNA),
RNA pol Il is responsible for mRNA synthesis whilst RNA pol Il is required for transcription
of 5S rRNA, tRNA and other small nuclear RNAs. The nucleolus is an example of a
transcription factory as it is the site of rDNA tranption by RNA pol | (reviewed irBoisvert

et al, 2007 Sirri et al, 200§. Ribosomal DNA was shown tdide over these centres and
nascent RNAs were released into the surrounding Fe2dket al, 1994. RNA pol Il and Il
transcripts also arisa ia limited number of nuclear foci which are enriched in phosphorylated,
active RNA pol Il or RNA pol lll, respectivelyiiforraet al, 1996 Jacksoret al, 1998 Kimura

et al, 1999 Pomboet al, 1999.

Transcription factories can be highly variable in size depending on -8pgedic demands
(reviewed inSextonet al, 2007. A single transcription factory can -oodinate transcription

from several different loci, either on the same chromosome or from different chromosomes
Osborneet al, 2004 Osborneet al, 2007 Papantoniet al, 201Q Schoenfeldeet al, 2010.

Genes sharing transcription factories are commonly genes which are under the control of the
same regulatory factorsS¢hoenfelderet al, 2010, indicating that different transcription
factories may be highly specialised for transcription of a specific subset of geregr€ssed
genes are often fourid-cis on the chromosome, which may facilitateardinated expression

from one transcription factoryCaronet al, 2001 Boutanae\et al, 2002 Spellman and Rubin,

2002 Zhou et al, 2006. In contrast, the vast majority of tissspecific genes are found
scattered throughout the genonYageret al, 2009. Instead, thee genes appear to be directed

to specific transcription factories alongside distal functioradlgted genes Ffaser and
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Bickmore, 2007 Xu and Cook, 2008and this may also be the case for stresponsive genes
(Papantoniset al, 201Q Larkin et al, 2012. Although not well defined, it is thought that
movement of these genes to common transcription foci may be mediated byyasin motor
movement Chuanget al, 2006. Transcription factories are also often located in close
proximity to splicing speckles and perichromatin fibrils and taessibf mRNA export
components (reviewed iManiatis and Reed, 200Blagiwara and Nojima, 200,7facilitating
efficient processing and export of an mREAce transcribed.

1.4 Impact of adenovirus infection on nuclear substructures

In order to facilitate infection, multiple viruses have been shown to redistribute components of
nuclear bodies. A comprehensive summary of known virus interactions with the lasicleo
PML bodies, splicing speckles and CBs is provided in Tab®sl13, 1-4 and 15 respectively.

The redistribution of nuclear substructures during Ad infection is discussed below.

1.4.1 The nucleolus

Nucleoli are disrupted during the late stages of Ad tidac with several nucleolar proteins
being redistributed to novel new compartments within the nuclwa#tgnet al, 1989 Puvion
Dutilleul and Christensen, 199Rodrigueset al, 1996 Lam et al, 2010. B23 and Upstream
Binding Factor (UBF) are sequestered into viral replication centres and appear to be crucial for
Ad DNA replication Okuwakiet al, 2001 Lawrenceet al, 2006 Samadet al, 2007). When
complexed with Ad core proteins, B23 may act as a stimulator for DNsagpn (Okuwakiet

al., 200). However, recent data indicates a role for B23 in the assembly of viral chromatin
rather than DNA replicationSamadet al, 2019. A role for B23 in capsid assembly has also
been suggestedl@ai et al, 2012. The role of UBF during Ad replication is currently not well
defined; although UBF is known to directly inhibit RNA pol | activi§dpenhaveet al, 1994

Voit and Grummt, 2001Mais et al, 2005 Prieto and McStay, 200,7the sequestration of UBF
during Ad5 infection does not appear to affect RNA pdlistribution or prevent rRNA

synthesisl(awrenceet al,, 20086.

Akin to UBF and B23, the nucleolar proteins processing of precursor 1 (hPOP1) and Nopp140
were also found to be depleted from the nucleolus during Ad5 infedtem ét al, 2010Q.
Following Ad infection, hPOPlvas shown to be redistributed into a nucleoplasmic speckle
pattern separate from viral DNA replication centres, whilst Noppl40 displayed some
colocalisation with DBP but was mainly enriched in centres adjacent to DBRdt al, 2010
Lawrenceet al, 2009. Although hPOPL1 is normally involved in rRNA processihggerouet

al., 1996 Welting et al, 200§ and Nopp140 normally functions an shRNA chaperone
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Table 1-2. Nucleolar targeting by viruses.

Whilst numerous virus proteins are known to locate to the nucleolus, only virus proteins with a known

effecton the nucleolus are listed. AdAdenovirus. HSV1 i herpes simplex virus 1. HCMY human

cytomegalovirus. GRY Groundnut rosette virus. PSLiVPoa semilatent virus. WNY West Nile virus.

CuMV i Cucumber mosaic virus. FCV feline calcivirus. AAV2i adencassociated virus 2. HVB

herpesvirus saimiri. HM. T human immunodeficiency virus 1. *suggested not proven.

Virus Protein | Effect on domain Function Reference
Ad pVv Nuclear export ang Subversion of C23 Matthews, 2001
degradation of C23 mediated transcriptional
repression*
B23 and UBF| Ad DNA replication*/ Okuwakiet al, 2001 Samad
redistributed to DNA| assembly of virus et al, 2007 Lamet al,
replication centres chromatin/ virion 201Q Ugaiet al.,2012
assembly*
Not UBF redistributed ta Unknown Lawrenceet al, 2006
known | DNA replication centres
HSV-1 | ICP4 Redistribution of C23 tq Viral DNA replication* | Calleet al, 2008b
DNA replication centres
Not Redistribution of| Unknown Lymberopoulos and
known | fibrillarin Pearson, 2007
uL24 Dispersal of B23 by| Nuclear egress Lymberopoulos and
uL24 Pearson2007 Bertrand and
Pearson, 2008
Lymberopoulost al, 2011
UL12 US12 interacts with C23| Nucleocapsid egress Sagouet al, 2010
US11 US11 interacts with C23| Trafficking of US11 to| Grecoet al, 2012
the cytoplasm
Not Sequestration of UBH Viral DNA replication Stowet al, 2009
known | into DNA replication
centres
HCMV | UL44 C23 is redistributed tq Maintenance of Stranget al, 201Q Stranget
viral replication centres | replication centrg al., 2012
architecture
Pp65 Pp65 locates to th( Cell cycle progression t{ Arcangelettiet al, 2011
nucleolus G1/S phase*
GRV ORF3 | ORF3 interacts with Formation of viral| Kim et al, 2007a Canettaet
fibrillarin snRNPs and viradpread | al., 2008
PSLV | TGBpl | TGBpl interacts with Viral spread* Semashket al, 2012a
fibrillarin
WNV | WNV Dead box helicase 5| Particle assembly Xuetal, 2011
capsid | (DX56) redistributed to
the cytoplasm
CuMV | 2b 2b interacts with thgq Abrogates RNA| Zhanget al, 2006 Goto et
RNA silencing| silencing mahinery al., 2007
machinery
FCV NS6, C23 interacts  with| Viral DNA replication CancieLoncheset al, 2011
NS7 NS6/ 7and 360
AAV2 | AAP AAP  targets capsiq Capsid assembly Sonntaget al, 2010
proteins to the nucleolus
HVS ORF57 | ORF57 traffics via thg Viral mRNA export Boyne and Whitehouse
nucleolus 2006
HIV-1 | Rev Rev localises to thq Viral mMRNA export Cochrane et al, 199Q
nucleolus Fankhauser et al, 199%

Michienziet al, 2000
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(Meier and Blobel, 1992saacet al, 1998, their colocalisation with DBP and UBF implicates

roles for these proteins in viral DNA replication.

In contrast tahe proteins described above, C23 is exported from the nucleolus to the cytoplasm
following Ad2 infection Matthews, 200 This redistribution of C23 may be a mechanism by
Ad2 to subvert the transcriptional repressive abilities of G2 et al, 1994a. Indeed, it was

suggested that the Ad genome contains potential C23 bindingMathéws, 2001

Multiple Ad praeins localise to the nucleolus during infection; pMatthews and Russell,
1998h Matthews, 200}, Mu (Leeet al, 2004, pVII (Leeet al, 2003, IVa2 (Lutz et al, 1999

and E4orf4 Kiron et al, 2004. Ad2 pV was shown to redistribute C23 and B23 from the
nucleolus into the cytoplasm in transfected céllatthews, 200}l Although the inhibition of
rRNA synthesis using actinomycin D relocates multiple nucleolar proteins to the nucleoplasm,
including B23 and C23Yung et al, 1985 Perlaky et al, 1997, it does not affect the
localisation of transfected pV, indicating pV is not dependent on B23 or C23 for its nucleolar
association Matthews, 200L However, findings in Adnfected cells appear to contrast with
findings in p\ttransfected cells described above. In Adf2cted cells, C23 is degraded whilst
B23 is redistributed from the nucleoli tospeckled pattern within the nucleudldtthews,
200]). This indicates that other viral proteins may impact on the activity of pV and the

localisation of nucleolar proteins dugimfection.

The role of other Ad proteins localising to the nucleolus is less well definediiiPlecates to

the nucleolus and appears to modulates E2 expredsere{ al, 2004. Va2 colocalises with
nucleoli in Adinfected cells but was not fodnto impact either the location of specific
nucleolar proteins or indeed rRNA synthedistf et al, 1996. Polypeptide VIl contains both
nuclear and nucleolar targieg sequences and appears to colocalise with human chromosomes
(Leeet al, 2003. The nucleolar localisation of E4orf4 was shown to correlate with cell death
(Miron et al, 2004. The toxicity of E4orf4 appears to be due to an interaction of E4orf4 with a
subunit of PP2A, leading to inactivation of PP2A and the unscheduled activation of the APC.
Thisresults in mitotic defects and apoptosis of host chlls ¢t al, 2010.

1.4.2 PML-NBs

Ad infection was shown to induce the rearrangement of PML protein from punctatéNBiIL
into nuclear tracks and this was found to be caused by the Ad E4orf3 p@aeualhoet al,
1995 PuvionDuitilleul et al, 1995. E4orf3 targets and disrupts PMNBs via its interaction
with PML isoform Il Evans and Hearing, 200Boppeet al, 2008 Leppardet al,, 2009 and

the rearrangement of PMNBs was found to correspond to efficient viral replicati@oicaset al,

1996. PML disruption by Ed4orf3 appears toe ba mechanism to subvert antiviral responses
52



Table 1-3. Viruses targeting promyelocytic leukaemia bodies (PMiNBs).

Ad i adenovirus. HCMVi human cytomegalovirus. HSVi herpes simplex virus 1. EBY Epstein

Barr virus. VZVi varicella zoster virus. * suggested not proven.

Virus Protein(s) | Effect on domain Functional Reference
significance
Ad E4orf3 Redistribution of Immune subversion* | Leppard and Everett, 1999
PML Hoppeet al, 2006 Ullmanet al,
2007 Ullman and Hearing, 2008
Leppardet al, 2009
E1B-55K E1B-55K binds and Inhibits Daxx | Zhaoet al, 2003 Sclreineret al,
degrades Daxx dependent P53 201Q Schreineet al, 2011
transcription
E1B-55K binds PML | Immune subversion* | Wimmeret al, 2010
Sequestration of p5] Inactivation and Pennelleet al, 2010
in PML-NBs nuclear export of p53
pIX Sequestration of PML Immune subversion* | RosaCalatraveet al, 2001, Rosa
by pIX Calatraveet al, 2003
HCMV | IEL/IE2 Disruption of PML Alleviates PML: | Ahn and Hayward, 1997
mediated Wilkinson et al, 1998 Ahn et al,
transcriptional 1999 Ahn and Hayward, 2000
repression Xu et al, 2001
Various Disruption/decreased Unknown Salsmaret al, 2008
numberof PML-NBs
UL35 SP100 and Daxy Manipulation of cell| Salsmanet al, 2008 Salsmanet
recruited to novel cycle and DNA| al., 2011
UL35 bodies damage responses
uL82 Daxx degradation Relievestranscriptional| Hofmann et al, 2002a Cantrell
repression by Daxx and Bresnahan, 2006
HSV-1 | ICPO Redistributes PML Immune subversion Maul et al, 1993 Everettet al,
2006 Everettet al, 2008
Not known | PML redistributed tog Genomereplication* Burkhamet al, 1998 Burkhamet
replication al., 2001 Sourvinos and Everet
compartments 2002 Everett and Murray, 2005
Everettet al, 2007
Vmw110 | Degradation of PML | Immune subversion Everett and Maul, 1994Everett
et al, 1998 Cheeet al, 2003
Cuchetet al, 2011
ICP4 and| Interact with Daxx Viral  transcriptional| Tanget al, 2003
ICP27 activation
UL8.5, Disruption of PML- | Suppression of PML| Salsmaret al, 2008
UL14, NBs NB-mediated
Usi10 apoptosis*
EBV BZLF1 Redistribution of| Activation of gene| Bell et al.,, 200Q Sivachandraret
PML-NB proteins expression and the Iyti| al., 201Q Tsai et al,
cycle 201%Salsmaret al, 2008
\/AY ORF61 PML-NB disruption | Prevents capsiq¢ Reicheltet al, 2011 Wanget al,
entrapment in PML| 2011
NBs
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mediated by Daxx and PMLWJ{man et al, 2007 Uliman and Hearing, 2008In addition to
independent function, E4orf8an associate in a complex with EBBK to disrupt PML
distribution (eppard and Everett, 1999%ollowing Ad infection, SP100 is also redistributed
into tracks alongside PML. However, Bection progresses SP100 appears to segregate into

DNA replication centres separate from the PML traéksucaset al, 1999.

E1B-55K can also act independently to affect PMB function. E1B55K sequesters p53 in
PML-NBs prior tofacilitating the nuclear export of pSP4€nnellaet al, 201Q. Following
SUMO-1 conjugation, E1ES5K interacts with and targets Daxx for degradation in a
proteasoma&lependent manner (Schreirgdral., 2010, 2011). This abrogates the transcriptional
repressive and antiral activities of Daxx and alsmhibits Daxxdependent p53 transcription
(Zhaoet al, 2003. SUMO1 modification of ELEB5K also appears to facilitate its binding to
PML isoforms IV and V\Vimmeret al, 2010.

In addition to E1B55K and E4orf3, E1A and pIX have been shown to interact with RIBE.

E1A was found to concentrate in PML tracks; this was dependent on the LXCXE motif of E1A
responsible for pRb bindingCarvalhoet al, 1995. It was also found that the interaction of
E1A with the SUMGconjugating enzyme UBC9 interferes with PMIB SUMOylation
(Yousefet al, 2010. Ad plIX sequesters PML within nuclear inclusions and this was shown to
be necessary for efficient viral replicatioRgsaCalatravaet al, 2001 RosaCalatravaet al,

2003.

1.4.3 Splicing speckles

Whilst expression of early Ad proteins does not appear to alter mMRNA biogenesis, the onset of
late phase infection results in reorganisatiorspfcing factors within the nucleus. Ads hijack

the transcriptional and splicing factors of the cell to facilitate viral replication (P@nbb,

1994; Bridgeet al., 1995, 1996; Gamg&arvalhoet al.,2003b) U2AF and the prenRNA and
alternative splicing factor ASF/SF2 were shown to be redistributed to sites of active
transcription and splicing during adenovirus infection (G&aavalhoet al., 1997, 2003b;
Lindberget al.,2004). There is a dynamic change in splicing factor distribution following the
switch to late phase infectio®@vionDutilleul et al, 1994 Aspegreret al, 199§. During the
intermediate phase, ASF/SF2 is redistributed into -likey structures surroundgy DNA
replication centres and colocalises with snRNBsdge et al, 1993a GamaCarvalhoet al,

20030. At later stages, both ASF/SF2 and snRNPs are found at enlarged interchromatin
granules at the nuclear peripheBrifige et al, 1993h. Viral late RNA also accumulates in
these late stage structures, and interestinghgdeétdtion mutants havagnificantly reduced late
MRNAs in these structureBridgeet al, 1996 Bridgeet al, 2003. The clusters of ICGs at late
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Table 1-4. Viruses targeting splicing speckles.

Ad T adenovirus. IBViI influenza B virus. HTLW1 i human TFcell lymphotrophic virus 1. HCMM

human cytomegalovirudHSV-1 i herpes simplex virus 1. HRY1 human papillomavirus 5. SRPK1

SR Protein Kinase 1. CS#4 i Cleavage Stimulatory Factor 64 kDa. PTBPolypyrimidinetract

Binding protein*suggested but not proven.

Virus Protein Effect on domain Function Reference
Ad E4 Late mRNAs accumulat{ Late mRNA export* | Bridgeet al, 1993a
region in enlarged ICGs
Not Movement of splicing Activation of late| GamaCarvalho et al,
known factors to transcriptiorl phase alternativ¢ 2003h Lindberg et al,
sites splicing* 2004
IBV NS1 Redistribution of SRSF2 t{ Gene expression Fortes et al, 1995
novel subnuclear| inhibition of cellular| Schneideget al, 2009
structures splicing?
HTLV-1 | Tax Tax localises withl Activation of viral| Semmes and Jeang, 199
snRNPs, and SRSF2 | gene expression* Bexet al, 1997
nuclear foci
HCMV Not SRPK1 redistributed to th{ Temporal control of | Gaddyet al, 2010
known cytoplasm, upegulation| HCMV  premRNA
of CSF64, temporal processing*
regulation of PTB
HSV-1 ICP22 Remodelling of specklel Enhanced viral gen( Salsmaret al, 2008
into punctate foci expression*
Not Replication compartments Viral mRNA export | Changet al, 2011
known coalesce with splicing
speckles
ICP27 Redistribution of snRNP{ Impairment of hos{ Sandrigoldiret al,, 1995
and SRSF2, inactivation ¢ cell and HSWV1 | SandriGoldin and Hibbard
SRPK1, inhibition of| splicing 1996 Bryantet al, 200%,
spliceosora assembly Sciabicaet al, 2003
IE63 Redistribution ofsnRNPs,| Host cell splicing| Phelanet al, 1993 Wadd
interacts with p32 tqg shutoff and export of et al, 1999 Bryant et al,
disrupt cellular splicing splicing independen| 2000
transcripts
Not Splicing factors recruite¢ Transcription and Melcaket al, 2000
known to  transcription sites,| splicing of viral
nascent mRNA traffickeq mRNAs
to SRSF2 domains
HVS ORF57 | ORF57 associates with Si Enhance intronless | Majerciaket al, 2008
proteins in splicing viral RNA splicing
speckles, redistributes
SRSF2
HIV-1 Vpr Binds SF3b subutof the | Checkpoint mediated Terada and Yasuda, 2006
spliceosome G2 cell cycle arrest
Tat Associaes with FBH1 in Stimulation of viral Pendergrastt al, 2002
splicing speckles gene transcription
HPV-5 E2 Interacts with ASF/SF2, | Facilitates splicing of| Lai et al, 1999
SRSF2 and snRNPs U1 | viral transcripts
and U5 in splicing
speckles
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stages are thought to reflect an intranuclear mRNA trafficking route for late Ad mRNAs from

the nucleus to the cytoplasmegsse and PuvieDutilleul, 1995.

1.4.4 Cajal Bodies

During Ad5 infection, the nucleolar proteins fibrillarin, UBF and RNA pol | associate in
punctate nuclear microfoci alongside the CB marker protein, cditebéloet al, 1996
Rodrigueset al, 1996. These microfoci do not contain SnRNPs or Ad mRNA, indicating they
are not involved in Ad gene transcriptidRepeloet al, 1996 Rodrigueset al, 1999. Although

it was initially suggested that thesdssembly of CBs during Ad infection is secondary to the
block of host protein synthesis during Ad infectidgtebeloet al, 1996, recent work indicates
that coilin plays a role in Ad late protein expressidanteset al, 201Q. However, the exact
function of CBsduring the later stages of Ad infection is still undefined. Intriguingly, the
redistribution of CBs into microfoci has also been shown to occur during infectiothe/i®NA
plant virus GRV. The rearrangement of CBs during GRYV infection was shown titatacthe transport

of the GRV ORF3 protein to the nucleolus, whereby viral RNA was packaged into a viral ShRNP with
fibrillarin (Kim et al, 2007aKim et al, 20078.

In contrast to the redistribution of coilin, @&sociated actin was found to be relocated to the
nuclear periphery following Ad5 infectiorGédgeet al, 2005. It has been proposed that the
actin content of CBs is related to the disassembly of @xi¢eet al, 2005 Jameset al,

2010. Although a functional significance for this has not yet been elucidated, it is possible that
actin is redistributed to lateanscription sites, as the assembly of transcription complexes is
dependent on actirHpfmannet al, 2009. Alternatively, redistributed actin was also found to
locate in close proximity to sites of Ad capsid assemi@gdgeet al, 2005, suggesting a

possible role for nuclear actin in capsid assembly.
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Table 1-5. Viruses targeting Cajal bodies (CBs).

Ad 1 adenovirus. GRM Groundnut rosette virus. MVNI minute virus of mouse. EBV Epstein Barr

virus. HVS1 herpesvirus saimiri. CuMVY cucumber mosaic virus. HRY T human immunodeficiency

virus, PVi poliovirus. FMDV'1 foot and mouth disease virus. HGVWhepatitis C virus. BPV bovine

papillomavirus. IRES internal ribosome entry sitésuggested not proven

activation at E2

promoters

Virus Viral Effect on domain Function Reference
protein(s)
Ad Notknown | Redistribution of coilin| Facilitates late Rebeloet al, 1996
and fibrillarin  into | protein expression | Rodrigueset al, 1996
nuclear microfoci Jameet al, 2010
Not known | CB-associated actin i Unknown Gedgeet al, 2005
redistributed to  the
nuclear periphery
GRV ORF3 CB proteins coilin and | Trafficking of | Kim et al, 2007aKim et
fibrillarin redistributed to| ORF3 b the| al., 2007h Canetteet al,
nuclear microfoci nucleolus for viral| 2008
RNP assembly
MVM NS1, NS2 | Interacts with SMN in Viral replication or | Younget al, 2002ab;
novel viral replication capsid assembly* | Younget al, 2005
compartments
Herpesvirus| UL3, UL30 | Disruption of CBs Unknown Salsmaret al, 2008
Hordeivirus | Movement | Interacts with coilin Unknown Semashket al, 2012b
protein
EBV EBNA2 Interacts with SMN Transactivation of | Barthet al, 2003Vosset
the LMP1 promoter| al., 2001
EBNA3, Colocalise with SMN Unknown Kraueret al, 2004
EBNA6
EBNA3C Stabilises Gemin3 Blockage ofp53 Caiet al, 2011
mediated apoptosis
Influenza Not known | Redistribution of CBs Unknown Forteset al, 1995
into microfoci
NS1 Redistribution of Inhibition of host
SnRNPs cell splicing
HVS HSURs Use SMN complex to Replication Golembeet al, 2005
assemble viral ShRNPs
CuMV 2b Localises to CBs, binds | Abrogates gene Duanet al,, 2012
SsiRNAs and miRNAs silencing machinery Hameraet al, 2012
HIV-1 Integrase Binds Gemin 2 Viral cDNA Hamamotcet al, 2006
synthesis
PV 2A Cleavage of Gemin 3 Reduced snRNP | Almstead and Sarnow,
assembly 2007
FMDV Not known | Gemin5 binds IRES Enhanced val Pachecet al, 2009
protein translation
HCV Notknown | Gemin5 binds IRES Enhanced viral
protein translation
BPV E2 Binds SMN Transcriptional Strasswimmeet al,,

1999
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1.5 Project Aims

Although the early phase and DNA replication stages of Ad infection are well characterised, the
mechanism controlling Ad late gene expression are not well understood. Understanding late
gene expression is crucial for Ad vector development, sinegeletedAd vectors retaining late
coding regions still express residual late proteins, resulting in induction of immune responses to
the vector Yang et al, 1994 Yang et al, 1994¢ Yang et al, 1995. Interestingly, it was

shown that during the late phase of Ad infection, CBs are redistributed fi@rpuhctate
domains per cell into numerous microfodkepelo et al, 1996 Rodrigueset al, 199§.
Moreover, the CB marker protein coilin appears to be required for Ad late protein expression
(Jameset al, 201Q. However, the mechanism by which CBs contribute to Ad late protein
expression is unknown. Theoeé characterising the role of the CB during Ad5 infection may

facilitate the understanding of the control of Ad late phase protein expression.

The main aims of this investigation were as follows;
1 Characterise the subcellular redistribution of keyg&eins during Ad5 infection
1 Determine the time point at which CB proteins are redistributed from CBs

1 Determine the function of key CB proteins during Ad5 infection.
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Chapter 27 Materials and Methods

59



2.1 Materials

2.1.1 Chemicals and reagents

Unless otherwise stated, all chemicals were obtained from Sigma Aldrich (Dorset, UK). The
standard cel |l culture medium Dul bgu@mimea@s modi
trypsin were all purchased from SigrAsdrich (Dorset, UK).Keratinocyte 2 Medium was
purchased from PromoCell (Heidelberg, Germany). Foetal calf serum (FCS) was purchased
from Biosera (Sussex, UK). Optimeinand Lipofectamin®000 were obtained from Invitrogen
(Paisley, UK). The Biorad DC Assay Kit and thick diltpaper were purchased from HBtad

Inc (Hertfordshire, UK). Polyvinylidine fluoride (PVDF) membrane was purchased from
Millipore (Watford, UK). The enhanced chemiluminescence (ECL) detection kit was purchased
from GE Healthcare (Little Chalfont, UK). Nmal goat serum (NGS) and Vectashield
mounting medium were obtained from Vector Laboratories (Peterborough, UK). HB&A
protease inhibitor cocktail and Slide_yser mini dialysis units were purchased from Pierce
(Cramlington, UK). Caesium chloride waarphased from Invitrogen (Paisley, UK). Phosphate

buffered saline (PBS) tablets were purchased from Oxoid (Hampshire, UK).

2.1.2 Custom primers

Table 21 describes all PCR primers used in this study. All primers were purchased from
Invitrogen. SaHadjusted meihg temperatures () were calculated using Oligocalc
(www.basic.northwestern.edu/biotools/oligocalc.htnTThe design strategy for all primers is
described in Appendix Figures6l

2.1.3 siRNA
Table 22 describes all siRNAs used in this study.

2.1.4 Antibodies

All primary antibodies raised against Ad proteins are describetfiable 23. All primary
antibodies directed against cellular proteins are describd@bte 24. Secondary antibodies
were used in Western blotting, indirect immunofluorescence and flow cytometry and are
described imTable 25.
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Table 2-1. PCR primers.
Tm 1 melting temperature. GCguanine/cytosine content.iForward primer. Rreverse primer.

Target mRNA Primer name Sequence (5N to 3N)ITn | %
(°C) | GC

Ad5 llla llla (F) ACAGTCGCAAGATGATGCAAGA 60.1| 45
llla (R) GCCAGCGCGTTTACGATCG 61.6 | 63

Ad5 Hexon Hexon (F) ACAGTCGCAAGATGGCTACC 60.5| 55
Hexon (R) GCAGTACGCAGTATCCTCAC 60.5| 55

Ad5 Fibre Fibre (F) CAGTCGCAAGATGAAGCGC 59.5| 58
Fibre (R) ACAGTGGTTACATTTTGGGAGG 60.1| 45

Ad5 L4-100K L4-100K (F) AGATGGAGTCAGTCGAGAAGA 59.5| 48
L4-100K (R) ACTTGTTCCTCGTTTGCCTCT 59.5| 48

Ad5 DBP (RT1) | Early DBP (F) ACC AGC GCG TCT TGT GAT GA 60.5| 55
DBP (R) CAG CTG CGG GAG AAG GAA A 59.5| 58

Ad5 DBP (RT2) | Late DBP (F) ACC AGC GCG TCT TGT GAT GA 60.5| 55
DBP (R) GGC GAT ATC AGG AGA AGG AAA 59.5| 48

Ad5 13S E1A E1A 13S/11S (F) | CCT TTC CCG GCA GCC CGA 62.9| 72
E1A 13S (R) CAG ACA CAG GAG TAG ACA AAC 59.5| 48

Ad5 12S E1A E1A 12S (F) GAT CGA AGA GGT ACT GGC TGA 61.2| 52
E1A 125/10S (R) | ACA GGA CCT CTT CAT CCT CG 60.5| 55

Ad5 11S E1A E1A 11S/10S (F) | TGA TCG AAG AGC CGA GCA G 59.5| 58
E1A 13S/11S (R) | CAG ACA CAG GAG TAG ACA AAC 59.5| 48

Ad5 10S E1A E1A 11S/10S (F) | TGA TCG AAG AGC CGA GCAG 59.5| 58
E1A 10S (R) ACA GGA CCT CTT CAT CCT CG 60.5| 55

Ad5 9S E1A E1A 9S (F) CTG ATC GAA GAG TCC TGT GTC 61.2| 52
E1A9S (R) TCT CAC GGC AACTGG TTT AAT G 60.1| 45

Ad5 Va2 Va2 (F) GAA ACC AGAGGG CGAAGAC 59.5| 58
Va2 (R) CAT CTC GAT CCAGCATAT CTC 59.5| 48

Ad5 IX IX (F) CTC GTT TGA TGG AAG CAT TGT GA | 60.9] 43
IX (R) GTCAACTTG TCATCG CGG G 59.5| 58

Human GAPDH | GAPDH (F) CTCAACTACATGGTTTACATGTTC 60.3| 38
GAPDH (R) GCAAATGAGCCCCAGCCTT 59.5| 58

Ad5 prelVa2 pre-lva2 (F) GGA AAC CAG AGG TAA GAA ACG 59.5| 48
prelvVa2 (R) GAC TTT TGA GGG CGT AGA GC 60.5| 55

Ad5 preDBP preDBP (F) CTGTCCTTC TTC TCG ACT GAC 61.2| 52
DBP (R) ACC AGC GCG TCT TGT GAT GA 60.5| 55

Ad5 preE1A preE1A (F) TTA AAA GGT CCT GTG TCT GAACC | 60.9| 43
E1A9S (R) TCT CAC GGC AACTGG TTT AAT G 60.1| 45

Ad5 pretripartite | pre TPL (F) ATC GCT GTC TGC GAG GGC 60.8| 67
leader (TPL) preTPL (R) CTG TCC AACGCCCTCTACG 61.6| 63
preGAPDH preGAPDH (F) | TAT CGT GGA AGG ACT CAT GGT AT | 60.9| 43
preGAPDH (R) | GCATGG ACT GTG GTC TGC AA 60.5| 55
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Table 2-2. siRNAs.
GCi Guanine/cytosine content.

Target | Name Sequence (56 to 3(¢(GC Source
(%)
Human | Coilin siRNA 2a | GAG AGG AGU UGC UGA GAA UTT | 47 Eurogentec
coilin Coilin siRNA 2b | AUU CUC AGC AAC UCC UCU CTT | 42
Human | Human SMN Sequence not provide8upplied as a - Santa Cruz
SMN siRNA (s¢36510) | pool of thregargetspecific 1925
nucleotide $RNAs

None AllStars negative | Sequence not provided - Qiagen

control siRNA

(S103650318)

Table 2-3. Primary antibodies specific for adenovirus proteins

IgG T immunoglobulin. GST GlutathioneS-transferase.

Antibody Specificity Species and isotype | Source
2Hx2 Ad hexon Mouse monoclonal IgG In house as described previousyepko
et al, 1981). Hybridoma cells HBL17
were obtained from the American Tyj
Culture Collection (ATCC)
Ad5PB Ad5 penton base | Rabbit polyclonal sera| In house (unpublished results)
B6-8 Ad E2A-72K Mouse monoclonal IgG K Leppard, Warwick University, UK
(Reichet al, 1983
DBP Ad E2A-72K Rabbit polyclonal sera| K Leppard, Warwick University, UK
(Made in housg raised to bacterially
expressed GSDBP)
Ad5F Ad5 fibre Rabbit polyclonal sera| In house Caygill et al, 2012
TB5 Ad5 fibre Mouse monoclonal IgG In house as previously describ
(Franquevilleet al,, 2009
Ad3F Ad3 fibre Rabbit polyclonal sera| P. Fender,le Centre National de |
Recherche Scientifiqu€NRS) France
sc430 Ad 2/5 E1A Rabbit polyclonal IgG | Santa Cruz
lla Ad2/5 llla Rabbit polyclonal IgG | G.  Akusjarvi, Uppsala University
Sweden Everittet al, 1992
IX Ad IX Rabbit polyclonal sera| In house as described previoug
(Boulangeret al, 1979
Pn Ad Va2 Rabbit polyclonal IgG | M. Imperiale, University of Michigan
USA (Tribouleyet al., 1999
L4-33K Ad2 L4-33K Rabbit polyclonal sera| W. Deppert, Hamburg University
Germany Gambke and Deppert, 1981
L4-100K Ad2 L4-100K Rabbit polyclonal IgG | W. Deppert, Hamburg University
Germany Gambke and Deppert, 1981
ab36851 Capsid proteins | Goat polyclonal IgG Abcam
from Ad
serotypes 2, 3, 4,
5and 6
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Table 2-4. Primary antibodies specific for cellular proteins

IgG 1 immunoglobulin.

Antibody Specificity Species and isotype Source
ab5821100 | Human fibrillarin Rabbit polyclonal IgG Abcam
PGM3 Human PML Mouse monoclonal IgG | Santa Cruz
11G5 Human Aly Mouse monoclondgG; Abcam
D6 Human C23 Mouse monoclonal IgG | Santa Cruz
0412 Human B23 Mouse monoclonal IgG | Santa Cruz
H-300 Human coilin Rabbit polyclonal IgG Santa Cruz
F-7 Human coilin Mouse monoclonal IgG | Santa Cruz
8 Human SMN Mouse monoclonal IgG | BD Biosciences
H-195 Human SMN Rabbit polyclonal IgG Santa Cruz
A301-442A | Human WRAP53 Rabbit polyclonal IgG Bethyl Laboratories
C65 Human GAPDH Mouse monoclonal IgG | Calbiochem
Y12 Human Smith (Sm) antigen | Mouse monoclonal Ig&s | Abcam
M5409 None Mousemonoclonal IgG, | Sigma Aldrich
UNLB None Rabbit polyclonal IgG BioLegend

Table 2-5. Secondary antibodies.

IgG T immunoglobulin. HRR horseradish peroxidise.
Antibody Specificity Species Label Source
A-21447 Goat IgG Donkey Alexa Fluor647 Invitrogen
A-11029 Mouse IgG Goat Alexa Fluor488 Invitrogen
A-21202 Mouse IgG Donkey Alexa Fluor488 Invitrogen
A-11070 Rabbit IgG Goat Alexa Fluor488 Invitrogen
A-21206 Rabbit IgG Donkey Alexa Fluor488 Invitrogen
A-11020 Mouse IgG Goat Alexa Fluor594 Invitrogen
A-21203 Mouse IgG Donkey Alexa Fluor594 Invitrogen
A-11037 Rabbit IgG Goat Alexa Fluor594 Invitrogen
A-21207 Rabbit IgG Donkey Alexa Fluor594 Invitrogen
A-6782 Mouse IgG Sheep HRP SigmaAldrich
A-6154 Rabbit IgG Goat HRP Sigma Aldrich
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2.1.5 Cells and cell lines

Primary human keratinocytes were kindly provided by Miriam Whittmann (University of Leeds,

UK). All cell lines were purchased from the European Collection of Animal Cell Cultures

(Salisbury, UK).

A549

HelLa

2.1.6
Ad5

Ad3

Ad12

2.1.7

Viruses

Buffers and solutions

Human lung adenocarcinoma cell lir@igrdet al, 1973.

Human cervical carcinoma cell line isolated from -

cervical tumour of Henrietta Lack&éyet al, 1959.

Wild type Ad5 virus was kindly provided by W.C Ruedl
(University of St. Andrews, UK).

Wild type Ad3 virus was kindly provided by W.C Russ
(University of St. Andrews, UK).

Wild type Ad12 virus was kindly provided by Bela Tarc
(University of Szeged, Hungary).

2.1.7.1 Agarose gel electrophoresis
10x Tris-Borate (TBE) Buffer (1 1)
108 g Tris, 55 g Boric acid, 40 ml 0.5 M EDTA (pH 8.0)

10x Orange Gel Loading Buffer (20 ml)
5 g Ficoll 400, 2 ml 1 M TrigHCI (pH 7.4), 4 ml 1 M EDTA (pH 8.0), 0.04 g Orange G

2.1.7.2 SDSPAGE

5x Resolving Gel Buffer (RGB) pH 8.5
1.875 M TrisHCI (227.06 g/l), 0.% (w/v) SDS

10x Stacking Gel Buffer (SGB) pH 6.5
1.25 M TrisHCI (151.37 g/l), % (w/v) SDS

12% Resolving Acrylamide Gel (20 ml)
30% Acrylamide (8 ml), dHO (8 ml), 5x RGB (4 ml), 1% ( w/ v ) AP S % TEMED

(20

el)
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5% Stacking Gel (12 ml)
30% Acrylamide (2 ml), dHO (8.8 ml), 10x SGB (1.2 ml), 20( w/ v) APS (100 ¢l
(20 ¢1)

5x SDSPAGE loading buffer (50 ml)
59 (1@ w/v) SDS, 12.5 ml 1 M Tri¢iCl (pH 6.8), 50 mg Bromophenol Blue, 25 ml glycerol,
1.75 ml mercaptoethanol

SDSPAGE 10x running buffer (1 1) pH 8.3
30.3 g Tris, 144.2 g glycine, 10 g SDS

2.1.7.3 Western blotting
Western blotting (Towbin) transfer buffer pH 8.3
25mM Tris, 92 mM Glycine, 2@ methanol

Western blotting blocking buffer
10% (w/v) Marvel, 0.26 Tween20 in PBS

2.1.7.4 Lysis buffers
RIPA Buffer
50 mM TrisHCI (pH 8.0), 150 mM NacCl, % NP40 substitute, 0% DOC, 0.26 SDS

Membrane Lysis Buffer (MLB)
50 mM HEPESKOH (pH 7.5), 150 mM NaCl, 2 mM mggl2 mM CaC}, 1% Triton X-100,
10% glycerol

2.1.7.5 Spectophotometry
TE Buffer
10 mM TrisHCI (pH 8.0), 1 mM EDTA

2.1.7.6 Virus purification
DNase solution
20 mM TrisHCI (pH 7.4), 50 mM NaCl, 1 mM DTT, 0.1 mg/ml BSA, 10 mg/ndvine

pancreatic DNase 1, $®glycerol

CsCl solutions

1.5d7 90.8 g CsCl, 109.2 g 10 mM T+4CI pH 8.0
1.35di 70.4 g CsCl, 129.6 g 10 mM T#4Cl pH 8.0
1.25di 54.0 g CsCl, 146.0 g 10 mM T#4Cl pH 8.0
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2.2 General Methods

2.2.1 Cell culture

Unless otherwise std, cell lines were grown in DMEM supplemented wit®6l(//v) heat
inactivated FCSand 20 mMg | ut ami ne (referred to hereon i
human keratinocytes were grown in Keratinocyte Media 2. Cells were grown in CellBIND®
culture flaslks (Corning) and maintained at 37 °C in a humidified atmosphere contaiting 5
CO..

2.2.2 SDSPAGE and Western Blotting

2.2.2.1 Preparation of whole cell lysates

Ice-cold RIPA buffer was supplemented witlolprotease inhibitor cocktail (100 mM
AEBSF.HCI, 80 um aprotinin, 5 mM bestatin, 1.5 mM6E, 2 mM leupeptin, 1 mM
pepstatin A and2 00 ¢l was add e-well plate. @elisavhre imcablated owi€e ata 6
4 °C for 15 minutes. Cells were scrapedha buffer sing a cell scraper awderetransferred to

a microcentrifuge tube. Cells were centrifuged at 15,000 g for 10 minutes at 4 °C. Supernatant

(whole cell lysate) was transferred to a fresh microcentrifuge tube and steBéd* @t

2.2.2.2 Preparation of nuclear and cytoplasmic fractions

Cells were detached fromvgell plates by trypsin treatment (0.5 ml). Once cells had detached,
they were neutralised with 0.5 ml complete DMEM. Following a PBS wash, cells were
resuspended in 1 ml of iemld MLB supplemeted with 26 protease inhibitor cocktail and
incubated on ice for 30 minutes. Nuclei were pelleted at 10,000 g for 20 minutes at 4 °C. The
supernatant (cytoplasmic fraction) was transferred to a new tube on ice. Nuclei were lysed in
200 ¢l R P Aforhlh mifiues. Samples ivare centrifuged at 15,000 g for 10 minutes
at 4 °C to remove cellular debris. The supernatant (nuclear fraction) was removed and
transferred to a fresh tube. Sangpleereeither stored a80 °C or analysed by SBRAGE.

2.2.2.3 Protein quantification

The concentration of protein in whole cell lysates was determined using the BioRad DC assay
system which is based on the Lowry assay{®iad | nc. ) . I n brief, Re a
adding 20 ul of Reagent S to 1 ml of Reagent A. 125@laRgent ANj was t hen
standards of bovine serum albumin (BSA) (concentratiebsn@y/ml) in sterile quotient (SQ)
water or to 25 €l whole cell l ysat e. Each tu
tube and the tube was immediatetyrtexed. After 15 minutes the absorbance was measured at

750 nm using a spectrophotometer (Genova), calibrating between each reading using the 0
mg/ml BSA standard. The BSA standards were used to plot a calibration curve and the protein

concentration offte samples was subsequently determined.

66



2.2.2.4 SDSPAGE

Protein extracts analysed by SIP8GE were separated on a 10%d8r 15% resolving gel and

a B stacking gel. SDS loading buffer (5x) was added to each sample to give a final
concentration of 1x buffer. Treample was loaded directly onto the gel and electrophoresis was
conducted in SD®AGE running buffer at 100 V for approximately 15 minutes or until the
bromophenol blue had passed into the stacking gel. Electrophoresis was then conducted at 150
V for 1.5 rours or until the bromophenol blue band had reached the bottom of the gel.

2.2.2.5 Western Blotting

Two sheets of BioRad blotting paper were soaked in Towbin transfer buffer. PVDF membrane
was soaked in methanol followed by transfer buffer. One sheet of blottpey pvas placed on

the conductance plate of a transfer chamber (Biometra) and the PVDF membrane was placed on
top. The SDSPPAGE gel was rinsed in transfer buffer before being placed directly onto the
PVDF membrane. The second sheet of blotting paper veagglon top before the lid of the
transfer chamber was closed. Electrophoretic transfer was conducted for 1 hour at 15 V. Bound
antibody was detected using the ECL detection system (GE Healthcare) and images were
captured on a Las 3000 Imager (Fujifilm)emsitometric analysis was carried out using

Advanced Image Data Analyser (AIDA) software.

2.2.3 Nucleic acid extraction and purification

2.2.3.1 Total RNA extraction (Trizol -chloroform extraction)

Cell monolayers at approximately %Cconfluency in éwell dishes were wshed in PBS before
addition of 500 ¢l Trizol (I'nvitrogen) per
temperature before being transferred to a mi
to the sample, vigorously mixed then centrifuged®000 g for 15 minutes at 4 °C. The upper
aqgueous |l ayer of the supernatant was trans
chloroform was added and the sample was centrifuged at 13,000 g for 10 minutes at 4 °C. The
upper layer of the supernatantsva t r ansf erred to a new micro
isopropanol was added. Following vigorous mixing the tube was incubated at room temperature
for 10 minutes. The sample was centrifuged at 13,000 g for 10 minutes at 4 °C to pellet the
RNA. Ethanol (706) in diethyl pyrocarbonateeated HO (DEPCH,0) (Invitrogen) was added

without resuspending the pellet. The solution was centrifuged at 7,500 g for 10 minutes at 4 °C
and the supernatant was removed. The sample wasqarig&duged to remove the remaigi

et hanol then the pellet was Il eft to air dry
DEPGH,0. In order to remove contaminant DNA, five units of RNAws® DNAse (Promega)

were added to the sample along with 5x DNAse buffer in a total reacte o | ume of 50
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sample was incubated with the DNAse at 37 °C for 30 minutes before inactivation of the

enzyme by incubation at 65 °C for 10 minutes. The RNA sample was sto8&d°at.

2.2.3.2 Extraction of nuclear and cytoplasmic RNA

Cells were detacheddm 6well plates by trypsin treatment (0.5 ml). Once cells had detached,

they were neutralised with 0.5 ml complete DMEM. Following a PBS wash, cells were
resuspended in 1 ml of i@®ld MLB supplemented with% protease inhibitor cocktail and
incubated a ice for 30 minutes. Nuclei were pelleted at 10,000 g for 20 minutes at 4 °C. The
supernatant (cytoplasmic fraction) was trans
added. The nucl ear pell et was restuesdptecoded i
temperature for 5 minutes. Samples were subject to Tefdoroform RNA extraction as

detailed in Chapte2.2.3.1

2.2.4 Nucleic acid analyss

2.2.4.1 Quantification by spectrophotometry

Purified RNA was analysed using a Nanodrop 1000 spectrophotometer, witg OD.g
ratios higher than 1.7 indicative of good quality RNA and lower values indicating protein
contamination. ORs OD,3 ratios were als taken, with 2.0 signifying pure RNA and lower

values indicating contamination by phenol or other organic compounds.

2.2.4.2 Reversetranscription (RT)

Reverseranscription (RT) of RNA was conducted as detailed in the Roche Transcriptor First
Strand cDNA Synthes Kit manual (version April 2007) using random hexamer primers
(Roche). I n brief, random hexamer primers we
of 13 ul. The template primer mixture was subject to initial denaturation at 65 °C for 10 minutes

in a thermal block cycler with a heated lid. The samples were cooled on ice before addition of
the following components to a total reactio
Transcriptase Reaction Buf f er, Deoxgnucleokide Pr ot
Triphosphate (dNTPs) Mix (10 Om) and 0.5 ¢l
tubes were placed in a thermal block cycler and incubated for 10 minutes at 25 °C followed by 1
hour at 50 °C to synthesise cDNA from mRNA.

2.2.4.3 Semiquantitative PCR

Semiguantitative PCR amplification of c¢DNA wa
mi x containing 2mabdec |Iproifmelr ss M sceuestToarb |l e 1) , |
el Phusi on DNA pol ymer ase abuffer (bvitrogén) ima thtalr d Hi
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reaction volume of 25 Ol . PCR reaction condi

recommendations for Phusion polymerase with an annealing temperature of 60 °C.

2.2.4.4 Quantitative PCR (gPCR)

Quantitative PCRof cDNAwwa carri ed out wusing 1 ¢l cDNA i 1
of 1 M custom pri mer s, 7.5 ¢l SYBR @j0een P
An initial 5 minute incubation at 95 °C was carried out to activate the HotStarTaq Plus DNA
polymerase. Wo-step cycling procedure was then performed on a Rotorgene 6000 cycler
(Corbett) according to instructions in the Reene SYBR Green Handbook (version July

2011) with an annealing temperature of 60 °C. Data was analysed using Rotorgene 6000
software (@rbett). Standard curves were produced for each set of primers. The average Ct
value was determined from duplicate reactions and was normalised against the average Ct value
obtained for the &édhousekeepingd c on bduasl tra
obtained were confirmed by melting curve analysis.

2.2.4.5 Agarose gel electrophoresis

Agarose was dissolved in 1x TBE buffer to a final concentration e2%.8n/v) depending on

the size of the DNA to be identified. Samples were loaded in Orange G loading buffer and
1/10,000 dilution of stock SYBR Green | (concentration not provided) (Sigma Aldrich), with a
1Kb" DNA ladder (Invitrogen) to determine approximatee. Electrophoresis was conducted at

100 V for approximately 1 hour in 1x TBE buffer.

2.2.5 Transfection using siRNA

2.2.5.1 Standard siRNA transfection

Cells were seeded in 6 well plates and grown td%6-66nfluence in complete DMEM. Tubes A

and B were made up; tub® cont aining the optimised amou
Optimeml and tube B contai20i00g i 88 215 0lLThe taki€pd ti anre
were left to stand at room temperature for 10 minutes before addition of tube B to tube A,
producing tube ABTube AB was incubated at room temperature for 30 minutes before addition

to the wells. After 4 hours the media was replaced with complete DMEM. Cells were incubated

at 37 °C for 24 hours.

2.2.5.2 Reverse siRNA transfection

Stock si RNA was di Imdt eadchdt & X | ¢ Maisn adpvelidmd o
tissue culture plate. An eppendor f tube <co
Optimem1 was prepared and incubated at room temperature for 5 minutes. The contents of the

tube were then added to theell and the plate was incubated for 30 minutes at room
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temperature with occasi on aicellsm)iwera théencadded tcCe | |
each well. Cells were incubated for 6 hours to allow adherence to the well. The medium was

then exchangefibr complete DMEM and cells were incubated for a further 18 hours.

2.2.6 Virus infection

2.2.6.1 Standard infection

Cells were seeded ingell plates and grown to approximately%8@onfluence in complete
DMEM. Adenovirus was diluted in 1 ml DMEM and, unless otherwts¢ed, was adsorbed to

the cells at a multiplicity of infection (MOI) of 5 FFU/cell. After 1 hour, 1 ml of complete
DMEM was added to each well. The cells were incubated at 37 °C in a humidified atmosphere
containing 86 CQO..

For treatment with cytosineab i nosi de (AracC), 20 eg/ ml was
infection. Cells were then incubated for 24 hours before harvesting. For treatment with
cycloheximide (CHX), 30 eg/ ml was added at
the CHX-contaning medium for 6 hours. Cells were harvested at 24 h.p.i.

2.2.6.2 Secondround infection (virus yield assay)

Ad5-infected cells were treated with trypsin and once detached were neutralised in complete
DMEM. Cells were pelleted at 350 g for 5 minutes at 4 °C. Jupernatant was removed and

cell pellets were frozen in liquid nitrogen, thawed in warm water and sonicated in-tyfmath
sonicator. The freezihaw-sonicate process was repeated twice. The cell suspension was made
up to 250 ¢l rmvdldtdiutioDddiedwasohstricted to a final dilution of F0O

A set of positive controls comprising téwid dilutions of Ad5 virus stock was also prepared. A

100 ¢l aliquot of each dilution was then add

2.2.7 Indirect immunofluorescence

Cells were grown to subonfluence on coverslips in 6 well plates prior to infection or
transfection and then incubated at 37 °C for 24 or 48 hours. Cells were washed three times in
PBS prior to fixation for 10 minutes in #®formalin. Cells were wahed three times in PBS

before permeabiligtion with 0.1% (v/v) Triton X-100 in PBS for 10 minutes at room
temperature. Cells were washed three times in PBS before blockingoigvih) NGS in PBS

for 20 minutes. Cells were washed three times iPBS bef or e being incut
primary antibody (diluted in 0% Triton X-100, 4 NGS in PBS) for 1 hour at room
temperature. Cells were washed three times in PBS before being incubated with the appropriate
secondary Alexdrluor conjugate artiody for 30 minutes in the dark. Cells were washed three

times in PBS Ce | | nucl ei wer e st ai wiandin®2yphenylmdole b at i r
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(DAPI) (Sigma Aldrich) in PBS for 2 minutes before washing three times with PBS. Coverslips
were mounted on isles using Vectashield mounting medium. Confocal microscopy was
performed using an inverted LSM510 confocal microscope (Zeiss) coupled to LSM Image
Browser (Zeiss). All images are single confocal sections of 0.8Tjli@®.same exposures were
used throughout any one experimentDifferent exposures were used betwedifferent

experiments

2.2.8 Flow cytometry

Cells were detached fromvéell plates by trypsin treatment (0.5 ml). Once detached, cells were
neutralised with 0.5 ml complete DMEM. The samples were trenesféo an eppendorf tube

and cells were pelleted by centrifugation (all centrifugation steps were conducted at 350 g for 4
mi nut es at 4 AcC. Supernatant was remo%ed an
formalin. The samples were incubated atmotemperature for 10 minutes then cells were
pell eted by centrifugation. The supern%tant
Triton X-100 in PBS and incubated at room temperature for 5 minutes. Cells were pelleted by
centrifugation before seispension in 28 NGS in PBS. The sample was subsequently divided
into two eppendorf tubes, each containing 10
incubated at room temperature for 10 minutes. Samples were pelleted and the supernatant
removedTube 1 cells were resuspended%NGS, B ¢l 0
Triton X-100 in PBS while tube 2 cel |I-matchveecodrolr e s u
antibody in 26 NGS, 0.26 Triton X-100 in PBS. Cells were incubated for one hauroom
temperature. Cells were then pelleted by centrifugation and the supernatant was removed. Cells
were resuspended i n 50 ¢-488labélledtsdtendary fiyorescemtr i a t
conjugate antibody in% NGS, 0.26 Triton-X-100 in PBS and itubated for 30 minutes at

room temperature in the dark. Cells were pelleted by centrifugation and the supernatant was
removed. The cells were resuspended in 200 ¢
a Fortessa flow cytometer (BD Bioscience&)total of 10,000 cellswere analysed in each

sample andhe geometric mean fluorescence of Wiele cell population wagalculatedusing

FlowJo software (TreeStar Inc.).

2.2.9 MTT assay

Stock (5 mg/ml in PBS)-84, 5Dimethythiazol2-yl)-2, 5-diphenytetrazoliumbromide (MTT)
(Sigma Aldrich) was diluted to 2.5 mg/ ml i n
of a 96well plate. Cells were incubated for 4 hours at 37 °C. The medium was removed and
cells were washed in PBS. In living cells, the yellow tetl@MTT was reduced to insoluble
purple formazan dye which was subsequently

Aldrich) (Carmichaelet al, 1987. Cells were incubated at room temperature in the dark with
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agitation for 10 minutes. The coloured solution was quantified using a spectrophotometer

reading at 570 nm. A reading was also &e620 nm to account for background.

2.2.10 Plaque assay

Virus dilutions were prepared from infected cell lysate as described in Clzaptér2 At 4

h.p.i, carboxylmethylcellulose (CMC) (2&in PBS) was diluted 1:2 in complete DMEM and 2

ml was added to each well of ax@ll plate. Cells were then incubated for 6 days at 37 °C and
5% CO,. Wells were washed in PBS before fixation i%% bluteraldehyde inPBS for 10
minutes. Cells were washed in PBS before addition of crystal violetQ@8/) crystal violet,

20% ethanol, 82 SQ water) and incubated at room temperature for 10 minutes. The crystal
violet was then washed off and the plaques were counted.

2.2.11 Production of wild type viruses

2.2.11.1 Propagation of wild type viruses

Wild type Ad12 virus was propagated in the A549 cell line. Wild type Ad5 virus was
propagated in the HeLa cell line. Wildtype Ad3 virus was a kind gift from Kathryn Hall (Leeds

Institute of Mblecular Medicine, Leeds).

To propagate adenovirus, a T175 cell culture flask containing monolayer cells at approximately
9% confluency was infected with Ad5 or Ad12 virus at an MOI of 1 as described in Chapter
2.2.6.1 Infected cells were incubated at 37 °C aftl GO, for three days or until cytopathic

effect was evident. Cells were pelleted at 1,500 g for 5 minutes at room temperature and the
supenatant was discarded. Pellets were frozen in liquid nitrogen, thawed in warm water then
sonicated for 45 seconds in a bath type sonicator and this process was repeated twice. The cell
pellet was split between five T175 cell culture flasks each contaicétigmonolayers of
approximately 9% confluency. This process was repeated until pellets from 30 T175 flasks

were obtained. Pellets were storedsft °C.

2.2.11.2 Virus purification

Viruses were purified using the caesium chloride (CsCl) density centrifugatitmodnas
previously describedTpllefsonet al, 1999. Infected cell pellets from 30 T175 flasks were

frozen in liquid nitogen, thawed in warm water asdnicated for 45 secds in a bath type
sonicator;this process was repeated twice. Pellets were combined and resuspended in 10 ml of
sterile 0.1 M TrisHCI (pH 8.0). To this, 1 ml of % (w/v) sodium deoxycholate (DOC) was

added, mixed and incubated at room temperature for 30 minutes or until viscous. Adiquots
100 ¢l ohard M50ng&Lll of DNase 1 (10 mg/ ml) sol

was incubated at 37 °C for 30 minutes with mixing every 10 minutes until the viscosity
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decreased. The virus lysate was centrifuged at 3,000 rpm for 15 minutesGat ¥he
supernatant was transferred to a clean tube and stored on ice. CsCl gradients for each 5 ml of
clarified virus lysate were set up in SW40 ultraclear Beckman tubes using a kwill (NHS
Supplies) to layer the lower density CsCl above the higher gebsEl as follows: 1 ml of 1.5

d CsClI (bottom), 2.5 ml 1.35 d CsCl, 2.5 ml 1.25 d CsCl (top). Virus lysate (5 ml) was layered
on top of the gradients and 0.1 M FHEI (pH 8.0) was used to balance. The gradients were
centrifuged in a SW40 rotor in a Becam (L550B) centrifuge at 35,000 rpm for 1 hour at 10

°C at the slowest acceleration and deceleration settings. The virus band located at the 1.35/1.25
d interface was collected by aspiration from the two tubes. The virus band was layered on top of
2 ml 135 d CsCl in a SW55 centrifuge tube, diluting with 0.1 M -HfSI (pH 8.0) to achieve
layering if required. Samples were centrifuged in a Beckmarb(QB) centrifuge in a SW40

rotor at 35,000 rpm for 15 hours at 4 °C at minimum acceleration without brakiegtious

whole virus particle werepresent as thiewer of two visible bandsboth bands were collected.

The CsCl was then removed from the purified virus by extensive dialysis against 3 changes of
10 mM HEPESKOH buffer (pH 8.0) using a Slida-Lyser dialysis cassette 3500MWCO over

the course of a day at 4 °C. Sterile glycerol was added to the virus preparatiorf/a(\av).0
ratio. The virus preparation wa%x. divided int

2.2.11.3 Virus quantification

2.2.11.31 Virus particles per ml (vp/ml)

Virus stocks were diluted 1:10 in TE buffer containing%.{v/v) SDS. The solution was
incubated for 5 minutes at 50 °C before determination of the;QOWirus particles per mi

(vp/ml) were calculated according to the following equatMaigel et al, 19689:
1 unit Aygo= 1.1 x 16%vp/ml x dilution factor

2.2.11.3.2 Focusforming units per ml (FFU/ml)

A549 cells werggrown to confluency i well plates. Virus preparations were serially diluted
10°to 10°in 1 ml DMEM. Thedilutions were then added to the wells and incubated for 1 hour

at 37 °C. Complete DMEM (1 ml) was then added to each well and the samples were incubated
for 24 hours. 8mples were then sjdtt to flow cytometry(see ChapteR.2.8 using mouse
antihexon or mouse isotype control antibodies. The dilution that gave aroutiel HUC-

positive cells is then used to calculate the FFU/ml using the following equation

FFU/mI =% positive (as a fraction) x dilution factor x number of cells in sample (6)x 10

73



Chapter 31 Defining the redistribution of Cajal body proteins during
Ad5 infection
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3.1 Introduction

Cajal bodies (CBs) are highly multifunctional nuclear subdomains which contain numerous
proteins including coilin, fibrillarin, snRNPs, SMN aWdRAP53 Raskaet al, 199Q Carvalho

et al, 1999 Mahmoudi et al, 201Q. During Ad5 infection, coilin and fibrillarin are
redistributed into nume Rebaleetamlo®d Rodrigueset alf er me ¢
1996 Jameset al, 201Q. In contrastsnRNPs are redistributed into rispaped structures in

the nucleoplasm (demarking regions of active splicing and transcription), before accumulating
in enlarged interchromatin granules atel stages of infectiorRébeloet al, 1996 Rodrigueset

al., 1996 Bridgeet al, 2003. As shnRNPs no longer locate to CBs following Ad5 infection, this
indicates that snRNP trafficking and/or assembly in CBs may be abrogated during Ad5
infection. It has been previously shown that the location of snRNPs in CBs is dependent on the
snRNP trafficking proteins, WRAP53 and SMBirard et al, 2006 Mahmoudiet al, 2010.
However, the subcellular location of WIRA3 and SMN following Ad5 infection is currently
unknown. To further define the impact of Ad5 infection on CB proteins, this chapter will
address the subcellular distribution of SMN and WRAP53 following Ad5 infection. To address
the potential function of B proteins during infection, their redistribution will be defined by
immunofluorescence microscopy relative to markers of other nuclear substructures including

PML-NBs, nucleoli, splicing factors, viral DNA replication centres and sites of virus assembly.

Defining the time point at which a cellular protein is redistributed can aid with identification of
potential viral proteins responsible for redistribution of the cellular protein. In addition, defining
the time point at which a cellular proteinresdistributed may also aid in characterising the role

of the protein during infection. The time point at which CB proteins are redistributed from CBs
will also be addressed by confocal microscopy utilising inhibitors of DNA replication and

protein translabn as well as virus marker proteins for certain stages of infection.

The redistribution of CBs during Ad5 infection has previously been characterised only in the
HPV-18 transformed cervical cancer cell line, Hellanfeset al, 201Q Rebeloet al, 1996
Rodrigueset al, 1996. Considering the natural infection by Species C Ads is respiratory tract
epithelium (Schmitzet al, 1983, this chapter will investigate the redistribution of CBs in the
respiratory epithelial cell line, A549, before emting the study to primary cells. Finally, the
disassembly of CBs has to date only been characterised in terms of species C Ad5 infection
(Jameset al, 2010 Rebeloet al, 1996 Rodrigueset al, 1996. To establish whether the
redistribution of CBs is specific to species C Ad infection or conserved across Ad species, CB
redistribution will also be inestigated following infection with species B virus Ad3 and species

A virus Ad12.
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3.2 Impact of Ad5 infection on the cellular levels of CB proteins

In order to study the redistribution of CBs during Ad5 infection, the time between initial
infection and host cklysis in the cell line of choice must firstly be established. Marker proteins
of early and late phase infection can also allow identification of the time points at which early
and late phase infection commence. A549 cells were chosen as the celiiniehrto study

AdS5 infection as they are derived from respiratory epithelial cells, which are the cellular target
for natural species C Ad infection vivo (Schmitzet al, 1983. From extensive review of the
literature, the general consensus for virus titre when studying Ad infection of cell lines appears

to be an MOI of 110 FFU/cell. Therefore an intermediate MOI of 5 was chosen for this study.

For western blotting analysig 8d protein levels across a time course of infection, A549 cells
were mock or Ad5 infected (Chapt212.6.) and cells were harvested at 0, 4, 8, 16, 24 and

48 h.p.i. The final time point to be harvested was 48 h.p.i, as by this time there was evidence of
cytopathic effect (CPE) in a substantial proportion of the-idiécted cells indicating that the

cells were beginning to lyseHi{lleman and Werner, 195/Rowe et al, 1955. Protein from

whole cell lysates were analysed by SBAGE and Western blotting (Chap&R.2, using an
antrE1A and an antperton base antibody as markers for early and late phase infection,
respectively. Membranes were also incubated with an antibody raised against the cellular
6housekeepingd protein GAPDH as an internal

As shown inFigure 3-1, the level of GAPDH remained constant across the time course,
indicating that Ad5 infection does not alter the levels of housekeeping proteins during infection.
E1A 28R and 249R proteins were first detectable at 8 h.p.i, consistent with their known
immediate early expressioBérk and Sharp, 197&evinset al, 1979. At 24 h.p.i, penton

base was first detected, withcreased expression at 48 h.p.i. This indicates that in A549 cells at
an MOI of 5, the immediate early protein E1A and late protein penton base are first detectable at
4-8 h.p.i and 1&4 h.p.i, respectively.

The levels of CB proteins coilin, SMN, WRAP53m (a component of all spliceosomal
snRNPs) and fibrillarin were investigated over theetioourse. As shown in Figurel3 the

protein levels of SMN, Sm and fibrillarin remained constant across the time course. Although
the cellular levels of coilin an?/RAP53 appeared to stay stable up until 24 h.p.i, there was an
apparent decrease in coilin and WRAP53 levels by 48 h.p.i (Figlye Quantification of
changes in CB protein levels was carried out by densitometric analyses of the protein band
signal intesities Figure 3-2). No significant alterations in protein levels were observed across
the time course for SMN, Sm or fibrillarin, indicating that theels of these proteins are not

altered during the course of Ad5 infection. In contrast, the protein levels of both coilin and
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Figure 3-1. Ad5 and CB protein levels over a time course of Ad5 infection iA549 cells.

A549 cells were mock or Ad5 infected and incubated for 4, 8, 12, 16, 24 or 48 hours. Cell lysates were
prepared and equal masses of protein from each sample (20 ug) were separatedRAYGED&Nd
analysed by Western blotting. Bound antibody wlatected using the ECL system and images were
captured using a LAS 3000 imag&APDH was used as a loading contidluring the time course of
Ad5 infection,Ad5 E1A proteins 289R and 243R were first detected at 8 dngdjpenton base was first
detectedat 24 h.p.i. Levels of SMN, Sm and fibrillarin stayed constalotring the timecourse whilst
levels of coilin and WRAP53 were decreased at 48 hlpe. lanes corresponding to the menfected
samples for WRAP53 and coilin were moved from the sarp®sure on the same gel in order to align
with the other panelgas indicated by the dashed line$he anitWRAP53 antibody exhibited cross
reactivity with an unidentified protein of approximately0lkDa. The antcoilin antibody crosseaced

with an widentified protein oapproximately 65 kDa, which was cropped from the image in this instance.

h.p.iT hours posinfection. Ri residue. kD4 kilodaltons.
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Figure 3-2. Densitometric analysis of CB proteirlevels over a time course of Ad5 infection.

Signal intensities from Western blots were calculated by densitometric analysis and were normalised to
the signal intensity of the loading control, GAPDH. (i) coilin (i) SMN (iii) fibrillarin (iv) Sm (v)
WRAPS3. Results are shown as the mean fold change in protein level (+ standard error of the mean
[SEM]) from three independent experiments. Results are relative to 24 houraqasinfection, which

was set to a value of 1. All statistics were calculated usiagpaired isample ttest. Proteinlevels of

SMN, fibrillarin and Sm remained constant durihg Ad5 infectiontime course whereasVRAP53 and

coilin were reduced at 48 h.ptip < 0.05.
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WRAPS53 were significantly reduced by 48 h.p.i (p < 0.0%yre3-2, A and E). This indicated
that coilin and WRAP53 may be degraded at a late stage of Ad5 infection.

As shown inFigure 3-1, there was a strong cross reaction of the WRAP53 antibody with an
unidentified protein of around 100 kDa. As this crosacting protein appeed to be absent

from cell lysates until 24 h.p.i, this indicated that it is likely to be adaf@essed Agbrotein.
Thereforean Ad protein in its denatured form may share some structural homology with
denatured WRAPS3. Alternatively, the nspecificband may correspond to a cellular protein
that is normally not expressed in A549 cells but whose expression is greatly induced upon Ad

infection.

3.3 Analysis of CB redistribution in Ad5-infected A549 cells by

immunofluorescence microscopy
3.3.1 Atime course of oilin redistribution in Ad5 -infected A549 cells
Having established the kinetics of Ad5 infection in A549 cells, the most appropriate time point
to study the redistribution of CBs during Ad5 infection was investigated by indirect
immunofluorescence microgep. Previous work showed that the redistribution of coilin from
CBs occurred after Ad DNA replicatiodgmeset al, 201Q. Ad DNA replication has been
estimated to commence at around 8 h.p.i, with late phase protein expression reaching a peak at
18 h.p.i @Akusjarvi, 2008. Therefore in order to span the intermediate and late phases of
infection, the following time points were chosen for immunofluorescence analysis of CB
redistribution; 0, 12, 18, 24 and 48 h.p.i. A549 cells were mock or Ad5 infected (Chapter
2.2.6.) before fixation at the appropriate time pogection. Cells were subject tmdirect
immunofluorescencéChapter2.2.7), using an artcoilin antibody as a marker of CBs and an

ant-E1A antibody as a marker of Adbfected cells.

As shown inFigure 3-3, there wereghree distinct distributions of coilin during the infection time
course. At 12 h.p.i, the prominent CB distribution evident in-kdécted cells (as depicted by
positive E1A staining [green]) was indistinguishable from the CB distribution found in-mock
infected cells; % punctate domains per celimage g, arrow) By 24 h.p.i with Ad5,
approximately 9% of cells exhibited positive E1A staining. In addition, at this time point the
majority of Ad5infected cells exhibited CBs which had been disassenitiedosettegimage

k, arrow) as previously describéthmeset al, 2010. By 48 h.p.i, the majority of Adfnfected

cdls exhibited microfoci that were distributed evenly throughout the nucleoplasm rather than
the discrete ring structures characteristic

(image o, arrow)Importantly, allcells exhibiting CB redistributin, either rosette or speckled,
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Figure 3-3. The redistribution of coilin during Ad5 infection of A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 0, 12, 18,484 or
hours. Cells were fixed and subjected to indirect immunofluorescence using a motcliardind a

rabbit antiE1A antibody followed by incubation with the appropriate fluorestatlled secondary
antibodies. Nuclei were stained using DAPI. Confoeetroscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Image Browser. In arafekcted cells, coilin remained
within large punctate Cajal bodies (CBs) for the duration of the time course (image c, arrow). By 12 h.p.i
with Ad5, the majority of cells were positive for the Ad5 early marker protein E1A (image f) indicating
that they were infected. At this time the cells exhibited a punctate distribution of coilin (image g, white
arrow) that was indistinguishable from that seematkinfected cells (image c, arrow). By 24 h.p.i, the
majority of Ad5infected cells exhibited a redistribution of coilin into microfoci arranged into clusters
(image k, arrow). By 48 h.p.i, the majority of Adiifected cells exhibited coilin microfoci @h were
distributed evenly throughout the nucleoplasm (image o, arrow). These data indicated that CBs undergo a

stepwise dismantling during Ad5 infection. Bars = 10 um.
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Figure 3-4. The temporal appearance of Cajal body (CB), rosette and speckle distributions of coilin

during Ad5 infection of A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 0, 12, 18, 24 or 48
hours. Cells were fixed and sebjed to indirect immunofluorescence using a mousecaiith and a

rabbit antiE1A antibody followed by incubation with the appropriate fluorestatlled secondary
antibodies. Nuclei were stained using DAPI. Confocal microscopy was performed usingeged

LSM510 confocal microscope coupled to LSM Image Browser. At early stages of infection, large
punctate CBs were evident in Adiifected cells (image a, arrow) that were indistinguishable from CBs in
uninfected cells. As infection progressed from-248 h.p.i, coilin was redistributed into microfoci
arranged into clusters (image b, white -48hpipw), t
the coilin microfoci were distributed evenly throughout the nucleoplasm (image c, arrow), termed
6speckl esd. Over the time course of AdS5 infecti
analysed for their coilin distribution and categ
the mean percentage of cells (+ SEM) from ¢hmedependent experiments. These data indicated that
during Ad5 infection, CBs are disassembled into rosettes at a late stage of infecttghi{.® prior to

further disassembly into speckles at very late time pointgl@Hp.i). Bars = 10 pm.
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were msitive for ELA. This indicated that CB redistribution occurred only in tb&-iAfected

cells and wa not simply a reaction by the cell to the presence of virus in the vicinity.

To quantify the redistribution of CBs during the infection time course, fietks of 100 cells

from each coverslip were analysed for their coilin distribut{®iigure 34). Cells were
categorised as either Cmage a) O0r o(@magetbros 6 ¢ s p(enade Ic)aryd &this
experiment was repeated twice. Throughout the time eptine mocknfected cells retained

100% CB distribution. At 12 h.p.i, 10® of the Ad5infected cells still exhibited intact CBs.
However, at 18 h.p.i a small proportion %&pbof Ad5-infected cells exhibited CBs which had

been reorganised into rosettess Afection progressed to 24 h.p.i, the proportion of -Ad5
infected cells positive for rosettes increased to ¥9.By 48 h.p.i, the percentage of Ad5
infected cells exhibiting rosettes had decreased & @bilst 93.6 of cells were positive for

coilin speckles. The peak in percentage of Adtected cells positive for rosettes occurs at 24
h.p.i, whereas the peak for cells positive for speckles occurs much later ilomfatt48 h.p.i.

This indicatedthat rosette structures are formed transiently durkd infection and are
disassembled into speckles late in infection. There was evidence of rosettes that had already
disassembled into speckles at earlier times than 48 h.p.i, an observation consistent with the
asynchrony of virus infectiol@amaCarvalhoet al, 20033. As the peak in percentage of cells
positive for CBs redistribution into rosettes was at 24 h.p.i, this was the time point chosen to

study the redistribution of additional CB components.

3.3.2 Analysis of CB trafficking proteins SMN and WRAP53 during Ad5 infection by
immunofluorescence microscopy
As snRNPs no longer locate to residual CB structures containing coilin innfatded cells
(Bridge et al, 19933, this indicates that snRNP trafficking to CBs is impaired during-Ad5
infection The transport of snRNPs to CBs was recently shown to depend on the trafficking
proteins WRAP53 and SMNMahmoudiet al, 201Q. However, the subcellular location of the
srRNP trafficking proteins WRAP53 and SMN following Ad5 infection is unknown. To
establish the impact of Ad5 infection on the subcellular distribution of WRAP53 and SMN,
A549 cells were mock or Ad5 infected (Chap®R.6.). At 24 h.p.i, cells were fixed and

subject tandirect immunofluorescend€hapter2.2.7).

As show in Figure &, in mockinfected cel$, coilin was located in punctate CBs (image b,
arrow). WRAP53was also concentrated i€Bs (image c¢, arrow) as described previously
(Mahmoudiet al, 2019. WRAP53 and coilin colocalised in CBs as shown by the yellow
regionsin the overlay(image i, arrow).n Ad5-infected cells, WRAP53vas redistributed into

microfoci (image g, arrow) ancblocalised with coilin irrosettes as shown by the yellow
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Figure 3-5. The redistribution of WRAP53 relative to coilin following Ad5 infection of A549 cells

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected tondirect immunofluorescenceells were incubated with a mouse asilin, a

rabbit antWRAP53 and a goat anfid capsid antibodyfollowed by incubation with the appropriate
fluorescentiabelled secondary antibodieNuclei were stained using DAPI. Confocal microscopy was
performed using an inverted LSM510 confocal microscope coupled to LSM Image Brawssock
infected cells, coih (image b, arrow) and WRAP53 (image c, arrow) were found in punctate CBs and
colocalised in these structures as shown by the yellow regions in the overlay (image i, arrow): In Ad5
infected cells, coilin (image f, arrow) and WRAP53 (image g, arrow) wettl bedistributed into
microfoci arranged into clusters, The microfoci of coilin and WRAP53 partially colocalised, as shown by

the yellow regions in the overlay (image j, arrowar8= 10 um.
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Figure 3-6. The redistribution of SMN relative to coilin following Ad5 infection of A549 cells

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence. Cells were iredibdgth a mouse arBMN, a

rabbit anticoilin and a goat anthd capsid antibody followed by incubation with the appropriate
fluorescentiabelled secondary antibodies. Nuclei were stained using DAPI. Confocal microscopy was
performed using an inverted LSMO confocal microscope coupled to LSM Image Bsemv In mock
infected cells, coilin(image b, arrow) andMN (image c, arrow) were found in punctate CBs and
colocalised in these structures as shown by the yellow regions in the overlay (image i, arddd- In
infected cellscoilin was redistributed into microfo¢image f, arrow) whilsEMN was redistributed into
rod-shaped structures within the nucldirmage g, arrow). As shown in the overlay (image j), the rod
shaped structures of SMN (white arrow) diot colocalise with the coilin microfoci (blue arrow). Bars =

20 pm.
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regions in the overlay (image j, arrow). This suggestediiRAP53 is a component of rosettes
in Ad5-infected cellsit should be noted that the WRAP&Atibody exibited ahigh degree of

crossreactivity in Western blotting analysis (FigurelB therefore it is possible that some of
the staining seen immunofluorescence analysigay be due to recognition of the unidentified

100 kDacrossreactive specielgy this antibody

The subcellular distribution of SMN following Ad5 infection was also assessed. As shown in
Figure 3-6, in mockinfected cellscoilin was concentrateth CBs (image b, arrow) where it
colocalised withSMN (image i, arrow) as previously documentedHébert et al, 2001
Mahmoudiet al, 2010. In Ad5-infected cells, coilin was redistributed into microfoci (image f,
arrow). Strikingly, in Ad5infected cellsSMN was localised diffusely in the nucleoplasm and,

in some cells, was concentrated in nucleoplasmiesh@gped structuregnfage g white arow).
There was no colocalisation between redistributed Sfithage j, white arrow)and coilin
rosettegimage j, blue arrow)This indicated that SMN was redistributed to a domain separate
from caoilin, fibrillarin and WRAP53 during Ad5 infection.

3.3.3 The redistribution of SMN during Ad5 infection

To assess the disassembly of SMN from CBs over a time course of Ad5 infection, cells were
mock or Ad5 infected (Chapte2.2.6.). At 0, 12, 18, 24 and 48 h.p.i, cells were fixed and
subjected tdndirect immunofluorescenc@Chapter2.2.7 using a mouse &SMN antibody

along with a rabbit arE1A antibody as a marker of Adbfected cells.

As shown inFigure 37, Ad5-infected cells (as defined by positive E1A stainiimgage § at 12

h.p.i exhibited a CB distribution of SMN (image g, arromgre indisthguishable from CBs in
uninfected cell§compare image ¢ and image @ infection progressed @4 h.p.i, SMN was
present diffusely in the nucleoplasm and in some strestg@ring nuclear structures in the
majority of cells (image k, white arrow)his distributionof SMNwas t er med &énucl e
At 48 h.p.i, SMN staining appeared fainter than at earlier time points and SMN appeared to be
distributed diffusely throughout the ce{lmage o, arrow) this distribution was termed

6di ff usel/ umsdesemdioting bnalgsis indicated that the total cellular level of
SMN was unchanged by 48 h.p.i (Cha@d)), this suggested that the redu&dN staining at

48 h.p.i by immunofluorescence was not due to reduced levels of SMN prbbeineduced

SMN stainingat 48 h.p.imay be due to decreased accessibility of the antibody to its epitope; it
is possible that there is an increased associafi@MViN with another proteimuring the late

phase of Ad5 infection, causing masking of the antigenic site. Further investigation would be

required to investigate these possibilities.
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Figure 3-7. Theredistribution of SMN during a time course of Ad5 infection in A549 cells.

A549 cells were mock or Ad5 infected at an MOI%fFFU/cell and incubated fdr2, 24 or 48 hours.

Cells were fixed and subjecteditalirect immunofluorescenagsinga mouse art6MN and a rabbit anti

E1A antibody followed by incubation with the appropriate fluorestatlled secondary antibodies.
Nuclei were stained using DAPI. Confocal microscopy was performed using an inverted LSM510
confocal microscope coupled to LSM Imageo®ser.In mockinfected cells, SMNremained within

large punctate Cajal bodies (CBs) for the duration of the time course (image c, arrow). By 12 h.p.i with
Ad5, the majority of cells were positive for the Ad5 early marker protein E1A (image f) indichtihg t
they were infected. At this time the cells exhibitepuactate distribution of SMimage g, white arrow)

that was indistinguishable from that seen in mbdkcted cells (image c, arrow). By 24 h.p.i, the
majority of Ad5infected cells exhibited a destribution of SMN into the nucleoplasm and into stronger
staining structures within the nucle(immage k, arrow). By 48 h.p.i, the majority of Adlfected cells

exhibitedlow-level SMN staining (nhage o, arrow)Bars = 10 pm.
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Figure 3-8. The temporal reduction in size of SMN foci during Ad5 infection of A549 cells.

A549 cells were mock or Ad5 infected at an MOISoFFU/cell and incubated f&4 hours. Cells were
fixed and subjected to indirect immunofluorescence using a mous&Mhtiand a rabbit antt1A
antibody followed by incubation with the appropriate fluorestaielled secondary antibodies. Nuclei
were stained using DAPI. Confocaliaroscopy was performed using an inverted LSM510 confocal
microscop coupled to LSM Image Browser. 24 h.p.i, the majority of cells were positive for the Ad5
early marker protein E1A (image b) indicating that they were infetteslome Ad5infected cel, CBs
containing SMN were noticeably smaller (image e, blue arrow) than conventionglirGd&ge e, white
arow). Bars = 10 pum.
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Interestingly, it was noted that CBs in some Adfected cells were noticeably smaller than
conventional CBsKigure3-8, image e; compare regular CB [white arrow] with small CB [blue
arrow]). These O6small C B-mféctetvaelts and werd ngt foond s e r v e
the mock infected cells, indicating that the reduction in CB size was a result of Ad5 infection.
Furthermore, the occurrence of small CBs in Aafected cells appeared to increase as the
infection time course progressed. It is possible that as Adfstioh progressed, SMN was
released from CBs into the nucleoplasm, resulting in a gradual reduction in CB size. Further
studies measuring CB diameters following Ad5 infection would be required to address this.

In order to quantify the disassembly of SMidérh CBs over the time course of Ad5 infection,

three fields of 100 cells from each time point were analysed for their SMN distril§Etogure

3-9). The distribution of SMN in cellsvasc at egor i sed (image & iartow)e r 0 C
6nucl eo(mbage barowadr &6 di f f us @magencdaerdwpAtlB h.mhil 186 of
Ad5-infected cells exhibited nucleoplasmic SMN and this increased to a pealoaff 22lls by

24 h.p.i. At 48 h.p.i, only% of cells exhibited a nucleoplasmic distriton of SMN, irdicating

this was a transient SMN distribution during Ad5 infection. The diffuse/undetectable
distribution of SMN appeared to be a late phase occurrence; the first appearance of this
distribution was at 24 h.p.i (¥ of cells) with increased prevalenced&® h.p.i (996 of cells).

This indicated that following Ad5 infection, SMN was released from CBs into the nucleoplasm

prior to locating diffusely throughout the cell at very late stages of infection.

3.4 The rearrangement of CB proteins relative to other nucleabodies and

host factors
From the previous section it was shown thiallowing Ad5 infection, the CB proteins coilin
and WRAP53 are redistributed to rosettes WHAMN is redistributed to separate structures
within the nucleoplasm. However, it is not known whether these CB proteins are redistributed to
known subnuclear structures or to novel domains. Indeed, both coilin and SMN have
previously been shown to interact with protein components of other nuddiesbSMN can
form an RNAsesensitive complex with the nucleolar proteins B23 and C23, and can directly
interact with fibrillarin Pellizzoni et al, 2001a Lefebvreet al, 2003. Coilin is known to
interact with the nucleolar protein Noppl4Bdacet al, 1999 and PMI-NB pr ot ei n Pl
(Sunet al, 2005. Therefore it is possible that during Ad5 infection these proteins may become
associated wittother nuclea substructures. If so, identifying these associated nuclear bodies
may give clues to the function of CB proteins during Ad5 infection. To this end, the
redistribution of coilin and SMN was assessed relative to splicing factors, nucleoliNBislL

Ad DNA replication centres and Ad virus assembly platforms.
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Figure 3-9. The temporal appearance of Cajal body (CB), nucleoplasmic and diffuse/undetectable
distributions of SMN during Ad5 infection of A549 cells.
A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 0, 12, 18, 24 or 48
hours. Cells were fixed and subjectedrtdirect immunofluorescencémages show the three major SMN
distributions identified during the Ad5 infectidime course. Three fields of 100 cells from each sample
wer e counted and t he S MN di stribution was cat
6di ffuse/undetectahbl ed. Results are displayed in
threeindependent experimentBhese data indicated that during Ad5 infection, SMN is redistributed from
CBs into novel nuclear structures at a late stage of infectio@41&.i) prior to further disassembly into

diffuse/undetectable staining at very latedipoints (248 hp.i). Bars = 10 pM.
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3.4.1 Cellular splicing factors

During Ad infection, spliceosomal snRNPs are found surrounding ssDNA sites in a diffuse
nucleoplasmic distributionBfidge et al, 1993a. Cells at this stage arekmon as Or i ng
and this snRNP pattern is indicative of active transcription and splidsge@renet al, 1998
GamacCarvalhoet al, 2003a. At later stages of infection, sSnRNPs accumulate in enlarged ICGs
at the nuclear peripherfidge et al, 1993a. In order to stain areas of active splicing, mock

and Adsinfected cells were subjected to indirect immunofluorescence microscopy using a
mouse antlSm antibody along with a rabbit amilin or a rabbit antSMN antibody. An anti

Ad capsid antibodyvas used to identify Adifected cells.

As shown inFigure 310 and previously Bridge et al, 1993a Rebeloet al, 199§, in mock
infected cells, Smvas locatedliffusely in the nucleoplasiand also concentrated in CBsiage

b, arrow)and coilin was also found in CBs (image c, afra8mand coilin colocaliseih CBs,

as shown by the yellow regions in the overlagage i, arrow) In Ad5infected céls, Sm was
located diffusely in the nucleoplasm and was concentrated amgewinuclear ICGgimage f,
arrow). As shown in the overlay (image j), Sm in enlarged ICGs (white ardid)not
colocalise with coilinin rosettegimage j, blue arrow)This indicated that rosettes are closely

associated, but do not colocalise with, regions of active splicing.

The redistibution of SMN relative to snRNPs was also investigateédure 311). In mock
infected cellsSm was located diffusely in the nucleoplasm aadconcentrated in CBs (image
b, arrow).SMN was also located in CBgimage d, arrowgand colocalised with Smin these
structures(image i, arrow) A rabbit antiSMN antibody was used in this experiment, which
appeared to give greater cytoplasmic SMN staining than that observed when using the mouse
ant-rSMN antibody (see Figure-®. In Ad5-infected cellsSm was rdistributed into diffusely

in the nucleoplasm and within enlarged nuclear ICGs (image f, ar®MN was also
redistributed into the nucleoplagiimage g, arrow)Therabbit antiSMN antilody appeared to
give a more diffusestaining ofSMN in the nucleus bAd5-infected cellshanthe mouse anti
SMN antibody whichwas found tcstainrod-shaped structurest SMN in the nucleus of Adb
infected cells(Figure 36). Due to the diffusenucleoplasmic distributions dMN and Sm
following Ad5 infection, a specifi@ssociation of redistributed SMN with Sm was difficult to
establish. Both proteindocalised in the nucleoplasm and meexcluded from nucleoli.
However, SMNdid not specifically accumulate in enlad)yICGs(image j, white arroyv This
indicated that following Ad5 infection, snRNPgartially colocalised with SM in the
nucleoplasmbut SMN did not localise enlarged snRNRontaining ICGs.
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Figure 3-10. The redistribution of coilin relative to spliceosomal shnRNPs in Adinfected A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected timdirect immunofluorescenagsinga mouse antbm, a rabbit anttoilin and a goat
anti-Ad capsid antibody followed by incubation with the appropriate fluoredabetled secondary
antibodies.Nuclei were stained using DAPConfocal microscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Image Browser. InkAtnfected cells, Sm was located
diffusely within the nucleoplasm, with increased concentration in punctate CBs (image b, arrow). Coilin
was found primarily within punctate CBs (image c, arrow). As shown by the yellow regions in the
overlay, coilin and Sneolocalised in CBs (image i, arrow). In Ad%ected cells, Sm was redistributed
from CBs into numerous foci within the nucleus (image f, arrow). Coilin was redistributed from CBs into
microfoci (image g, arrow). As shown in the overlay (image j), there meacolocalisation between the

foci of Sm (white arrow) and the foci of coilin (blue arrow) in Atfected cellsBars = 10 pm.
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Figure 3-11. The redistribution of SMN relative to spliceosomal snRNPs ikd5-infected A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence using a mous8rant rabbit aEMN and a goat
antrAd capsid antibody fotlwed by incubation with the appropriate fluoresdabklled secondary
antibodies. Nuclei were stained using DAPI. Confocal microscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Image Browser. In Ardfekcted cells, Sm wa®tated
diffusely within the nucleoplasm, with increased concentration in punctate CBs (image b, arrow). SMN
was found primarily within punctate CBs (image c, arrow). As shown by the yellow regions in the
overlay, SMN and Sm colocalised in CBs (image ipajt In Ad5infected cells, Sm was redistributed
from CBs into numerous foci within the nucleus (image f, arrow). SMN was redistributed from CBs into
the nucleoplasm (image g, arrow). As shown in the overlay (image j), there was no colocalisation between

the foci of Sm (white arrow) and nucleoplasmic SMN (blue arrow) in-inficted cells. Bars = 10 um.
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3.4.2 Nucleoli

Similar to CBs, nucleolar proteins have been shown to be redistributed during Ad5 infection;
B23 is redistributed to viral DNA replication cerdréHindleyet al.,2007), C23 (nucleolin) is
exported to the cytoplasnMatthews, 200l and fibrillarin is redistributed into rosettes along
with coilin (Rebeloet al, 1996 Rodrigueset al, 1996. CBs havdong been known to have a
closeassociation with the nucleolugjth both coilin and SMN previously shown to interact
with nucleolar proteinsigaacet al, 1998 Pellizzoniet al, 2001a Lefebvreet al, 2002 Sunet

al., 2005. Therefore it is possible that during Ad5 infection, CB proteins and nucleolar proteins
may become associated in novel domaTo this end, the distribution of coilin and SMN
relative to the nucleolar marker proteins B23, C23 and fibrillarin was investigated in mock and
Ad5-infected A549 cells (ChapteR.2.6.) at 24 h.p.i by indirect immunofluorescence
microscopy (Chapte2.2.7).

As shown inFigure 312, mockinfectedcells exhibited a primarily nucleolar tligution of
fibrillarin (image b, blue arrow) and were also found within CBs (image b, white ar@oain
was located in punctate CBs (image c, arrdwifrillarin in CBs colocolised wittcoilin, as
shown by the yellow regions in the overl@gmagei, white arrow) whilst fibrillarin in nucleoli
did not colocolise with coilin (image i, blue arrawh Ad5-infected cells there wagpatrtial
colocalisation of these two proteins in rosettiesafje j white arrow, as shown previously
(Rebeloet al, 1996 Rodrigueset al, 199§. Fibrillarin within nucleoli of AdSnfected cells
did not colocalise with coilin (image j, blue arrowhis indicatel that a proportion dibrillarin

was associated with rosettes whilst the bulk remained associated with the nucleolus.

As shown in Figure 43, in mockinfected A549 cells, B28%as concentrateih the nucleolus
(image b, arrow)whilst coilin was localisedin CBs (image c, arrow).CBs wereclosely
associatedbut did not colocalise withnucleoli fmage i; CBs [white arrow] are separate to
nucleoli[blue arrow). Following Ad5 infection, coilin was redistributed into rosetiesage g,
arrow). Interestingly, B23 was not redistributed from the nucleolus in-ikéi¥cted cells (image
f, arrow), contrasting with previously published data (Hindéyal., 2007). There was no
colocalisation between coilin rosettes (image j, white arrow)B#8lin nucleoli(image j, blue

arrow). This indicated that there was association of coilinvith B23 during Ad5 infection.

Finally, the redistribution of coilimelative to C23 was assesq&igure 314). In mack-infected
cells, coilin was localised in CBgimage c, arrow)whereas C23vas concentrated in the
nucleolus(image b,white arrow)and was also found diffusely in the nucleoplasma@e c,
blue arrow. In Ad5-infected cellsat 24 h.p.j coilin was redistributed into rosettémage g,

arrow) whilst C23 staining was reduced in the nucleolus (image f, white arrow) with some
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Figure 3-12. The redistribution of coilin relative to fibrillarin in Ad5-infected of A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected timdirect immunofluorescenagsing a mouse antioilin, a rabbit antfibrillarin and

a goat antiAd capsid antibody followed by incubation with the appropriate fluoredabstled
secondary antibodieDAPI was used to stain nucletonfocal microscopy was performed using an
inverted LSM510 confocal microscope coupled to LSM Image Browbkermockinfected cells,
fibrillarin (image b) was founéh the nucleolus (e arrow) and in CBswhite arrow). Coilin was also
locatedin CBs (image c, arrow) and colised with fibrillarin in these structuresas shown by the
yellow regions in the overlay (image i, arrow). In Anfiected cellsa proportion offibrillarin remained
associated with the nucleol(isnage f,blue arrow) whilst CB-associated fibrillariwasredistributed into
microfoci (image f, white arrow). @lin was also reorganisaédto microfoci (image g, arrow)oilin and
fibrillarin partially colocalised in these microfoci, as shown by the yellow regions in the overlay (image j,

white arrow).Nucleolar fibrillarin did not ctocalise with coilin (image j, blue arrowBars = 10 pm.
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Figure 3-13. The redistribution of coilin relative to B23 in Ad5-infected of A549 cells.

A549 cells were mock or Ad5 infected at an MOI offBU/cell and incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence using a mous828itia rabbit antcoilin and a

goat antiAd capsid antibody followed by incubation with the appropriate fluoredabetled secondary
artibodies. DAPI was used to stain nuclei. Confocal microscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Image Browser. In Ardfelcted cells, B23 (image b)

was found in the nucleolus (image b, arrow) whilst coilin was locet€Bs (image c, arrow). As shown

in the overlay (image i), there was no colocalisation of B23 (blue arrow) with coilin (white arrow). In
Ad5-infected cells, B23 remained associated with the nucleolus (image f, arrow), whereas coilin was
reorganised intomicrofoci (image g, arrow). As shown in the overlay (image j), there was no

colocalisation of B23 (blue arrow) with coilin (white arrow) in AiBected cells. Bars = 10 pm.
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Figure 3-14. The redistribution of coilin relative to the C23 in Ad5-infected of A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence using a mous€28tia rabbit antcoilin and a

goat antAd capsid antibody followed bincubation with the appropriate fluorescéaibelled secondary
antibodies.DAPI was used to stain nuclei. Confocal microscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Ima&@@wser. In mockinfected cells,C23 (image b)

was found in the nucleolusvhite arrow) and the nucleoplasm (blue arrowphilst coilin was located in

CBs (image c, arrow). As shown in the overlay (image¢hgre was no colocalisation of nucleola23C

(blue arrow) with coilinin CBs (white arrow). In Ad5infected cells,C23 staining was reduced in the
nucleolus (image f, white arrow) with increased staining in the cytoplamagé f,blue arrow). Coilin

was rdaistributedinto microfoci (image g, arrow). & shown in the overlay (image j), there was no
colocalisationof nucleolar @3 (blue arrow) with coilirmicrofoci (white arrow) in Adsinfected cells.

Bars = 10 pm.
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cytoplasm staining (image f, blue arrow) consistent with previous observabtatthéws,
2007 (Figure 314). There was no colocalisation between coilin rosettes (image j, white arrow)
with C23 in nucleoli(blue arrow) This indicated that during Ad5 infeatn, C23 is not

associated with rosettes.

The redistribution of SMN relative to nucleolar markers was also assessed. As shogurén
3-15, in mockinfected cellsfibrillarin was concentrated in nucleoli (image b, blue arrow) and
was also found in CBsr{iage b, white arrow). SMN was concentrated in CBs (image c, arrow).
Fibrillarin and SMNcolocalisedn CBs as shown by thgellow regions in the overlafimage i,

blue arrow. SMN did not colocalisevith fibrillarin in nucleoli (image i, white arrow)n Ad5-
infected cellsfibrillarin remained in nucleoli (image f, blue arrow) wiplrtial redistribution

into rosettegimage f, white arrow)In contrast, SMN was redistributed into the nucleoplasm
(image g, arrow)As shown in the overlay (image jherewas no colocalisation of SM{white

arrow)with fibrillarin in nucleoli plue arrowvy or with fibrillarin microfoci (yellow arrow)

The localisation of SMN relative to B23 was also investigakégufe 316). In mock-infected

cells, B23was located in the nucleol@snage b, arrow) whilsSMN was concentrateith CBs
(image c, arrow)As shown in the overlay (image i), there was no colocalisation between B23 in
nucleoli (blue arrow) and SMN in CBs (white arrowh Ad5-infected cells, SMNwas
redistributed into the nucleoplagimageg, arrow) whilst B23 remained within nucleoli (image

f, arrow). There was no colocalisation between redistributed SMN (image j, white @mdw)

nucleolicontaining B23 (image j, blue arrow).

The redistributio of SMN relative to C23 was determinégigure 317). In mock-infected
cells, C23 was concentrated in the nucledloege b, white arrowyith diffuse staining in the
nucleoplasn{image b, blue arrowSMN wasconcentratedn CBs {mage c,white arrow) and,

as previously mentioned (Section 3.4.1), the rabbit@MiN antibody also exhibited strong
cytoplasmic staining (image c, blue arrow), in contrast to findings with the mousBMiNti
antibody (Figure 3). In Ad5-infected cells, SMN became increasingiucleoplasmic as
infection proceededimage g, white arrow) and there was increased cytoplasmic staining of
SMN in some cells (image g, blue arrow) Ad5-infectedcells, C23 staining was reduced in
the nucleus (image f, white arrow) aimdthe nucleplasm (image f, blue arrow), amcreased

in the cytoplasm (image fyellow arow), consistent with previous observations (Matthews,
2001).As shown in the overlagimage j) C23 andSMN colocalisedn the cytoplasnmn some
Ad5-infected cells(blue arrow)whilst SMN in the nucleoplasm did not colocalise with
nucleoplasmic C23 (white arrow). These data indicated that during Ad5 infection there was

colocalisation of SMN and C23 in the cytoplasm.
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Figure 3-15. The redistribution of SMN relative to fibrillarin in Ad5-infected A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence using a mous8MNtj arabbit antifibrillarin and

a goat antidd capsid antibody followed by incubation with the appropriate fluoredaebstled
secondary antibodies. DAPI was used to stain nuclei. Confocal microscopy was performed using an
inverted LSM510 confocal microscopeoupled to LSM Image Browser. In mookKected cells,
fibrillarin (image b) was found in the nucleolusle arrow) and in CBswhite arrow). SMN was also
located in CBs (image c, arrow) and colocalised with fibrillarin in these structures, as shown by the
yellow regions in the overlay (image i, arrow). In Adflected cells, a proportion of fibrillarin remained
associated with the nucleolus (imagélfje arrow) whilst CBassociated fibrillarin was redistributed into
microfoci (image f, white arrow). SMN &g reorganised into separate structures within the nucleoplasm
(image g, arrow). As shown in the overlay (image j), redistributed SMN (white arrow) did not colocalise

with nucleolar fibrillarin blue arrowy or fibrillarin microfoci fyellow arrow). Bars = D um.

98



Ad capsid

DAPI B23 SMN
Mock
infection P e
a ] b - C [r—
DAPI B23 SMN
Ad5
infection o \

Mock infection AdS5 infection
B23 + SMN B23 + SMN

Figure 3-16. The redistribution of SMN relative to B23 in Ad5-infected of A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and sujected to indirect immunofluorescence using a mouseB#8j a rabbit atEMN and a

goat antAd capsid antibody followed by incubation with the appropriate fluoredabetled secondary
antibodies. DAPI was used to stain nuclei. Confocal microscopy pga®rmed using an inverted
LSM510 confocal microscope coupled to LSM Image Browser. In ardfelcted cells, B23 (image b)

was found in the nucleolus (image b, arrow) whilst SMN was located in CBs (image c, arrow). As shown
in the overlay (image i), then@as no colocalisation of B23 (blue arrow) with SMN (white arrow). In
Ad5-infected cells, B23 remained associated with the nucleolus (image f, arrow), whereas SMN was
reorganised from CBS into the nucleoplasm (image g, arrow). As shown in the overlag [jnthgre

was no colocalisation of B23 (blue arrow) with nucleoplasmic SMN (white arrow) inidfdbted cells.

Bars = 10 pm.
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Figure 3-17. The redistribution of SMN relative to the C23 in Ad5infected of A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence using a mous€2@itia rabbit artEMN and a

goat antAd capsid antibody followed by @¢ubation with the appropriate fluorescéaibelled secondary
antibodies. DAPI was used to stain nuclei. Confocal microscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Image Browser. In Amfelcted cells, C23 (image b)

was bund in the nucleolus (white arrow) and the nucleoplasm (blue arsodgEMN was located in CBs
(image c, arrow)Cytoplasmic SMN was also observed when using the rabbiSafiN antibody (image

¢, blue arrow).As shown in the overlay (image i), there was colocalisation of nucleolar C23 (blue
arrow) with SMN in CBs (white arrow). In Adlfected cells, C28image f)staining was redced in the
nucleolus White arrow)and in the nucleoplasm (blue arrowjith increased staining in the cytoplasm
(yellow arrow). SMN (image g)was redistributed into the nucleoplaswhite arrow, and, in some cells,

also exhibited increased cytoplasmic staining (blue arrdashowrby the yellow regionén the overlay
(image j blue arrow, C23 colocalised with SMN in theytoplasm of Ad&nfected cells. No such

colocalisation was observed for C23 and SMN in the nucleopliasage j,white arrow). Bars = 10 pm.
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Figure 3-18. The redistribution of coilin relative to PML -NBs in Ad5-infected A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected tindirect immunofluorescenceCells were incubated with a mouse dPitilL, a

rabbit anticoilin and a goat rati-Ad capsid antibody followed by incubation with the appropriate
fluorescentabelled secondary antibodies. Nuclei were stained using DAPI. Confocal microscopy was
performed using an inverted LSM510 confocal microscope coupled to LSM Image Brawssack-
infected cells, PML was found in discrete foci within the nucleus (image b, arrow). Coilin was also found
within punctate nuclear foci (image c, arrow). As shown in the overlay (image i), the majority of PML
foci (blue arrow) and coilin foci (white amg did not colocalis. However, a subset of PML and coilin

foci did partially overlap (image i, yellow arrow). In Adisfected cells, PML was redistributed within the
nucleus and exhibited a decrease in staining intensity (image f, arrow). Coilin wastnetgid from CBs

into microfoci (image g, arrow). As shown in the overlay (image j), redistributed PML (blue arrow) did

not colocolise with coilin microfoci (white arrow).aés= 20 um.
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3.4.3 PML-NBs

During Ad5 infection, PMENB components are redistributeddéor degraded in order to
subvert immune responses and transcriptional repredRisuiofrDutilleul et al, 1995 Doucas

et al, 1996 Leppard and Everett, 1999haoet al, 2003 Hoppeet al, 2006 Uliman et al,
2007 Ullman and Hearing, 2008Schreineret al, 201Q. As PML-NB components are
redistributed and/or degraded at an early stage of Ad infeddionc@set al, 1999, it appears
unlikely that CB proteins, which are not redistributed until a much Ist@ge, would be
associated with the novel PML tracka(e<t al, 2010. However, the obserderedistribution

of coilin into novel nuclear microfoci warranted investigation of colocalisation with
redistributed PMENBs during Ad infection. As SMN was redistributed diffusely within the
nucleoplasm and into larger nucleoplasmic accumulations rdthar discrete foci, potential
colocalisation of SMN with PMINBs was not investigatedAs shown inFigure 318, and
previously Grandeet al, 1996, in mockinfected cellsboth PML (image b, arrow) and coilin
(image c, arrowjverelocated n punctatenuclear foci As shown in the overlay (image BML
foci (blue arrow)and coilinfoci (white arrow) weregenerally not associatéd mockinfected
cells. However, some coilin and PML fqmartially overlappegdas shown by the yellow regions
in the overlay(image i yellow arrow).In Ad5-infected cells, PML staining was greatly reduced
(image f, arrow)and coilinwas redistributed int rosettes(image g, arrow).There was no
colocalisationbetween coilin rosettes (image j, white arrow) aesidual PML foci(image j,

blue arrow) This indicated that rosettes are not assediatith PML-NBs during Ad5 infection.

3.4.4 Viral DNA replication centres

Large, globular DNA replication centres containing DBP can be used as a marker of the onset of
viral DNA replication Pomboet al, 1994 Puvon-Dutilleul 1990a,b). Dual staining of DBP

with SMN or coilin was performed to determine whether CB proteins are associated with DNA

replication centres.

As shown inFigure 319A, in mockinfected céls there was no detectable DBP staining (image
b) andcoilin was found inCBs (image c, arrow)In Ad5infected cells DBP was present in
large globular structures within the nucleus (image f, arrow)cailth was redistributed into
rosettegimage g, arrow). Coilin rosettéscated at the periphery of, bdid not colocalise with,
DBP-containing DNA replication centresn{age h white arrow. This indicated that rosettes

were located in close proximity to regions of Ad DNA replication.

Dual staining of SMN and DBP was also perforniEdyure 319B). Mock-infected cellsvere
negative for DBP (image b) areMN was located in CB&mage c, arrow)In Ad5infected

cells,DBP formed large globular structures within the nucleus (image f, arrow) \BMIkst
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Figure 3-19. The redistribution of coilin and SMN relative to viral DNA replication centres in Ad5
infected Ab49 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were
fixed and subjected tandirect immunoflusescence Cells were incubated with a rabbit ab#BP
antibody along with a mouse awilin or a mouse antsMN antibody followed by incubation with the
appropriate fluoresceitdbelled secondary antibodies. Nuclei were stained using DAPI. Confocal
microscopy was performed using an inverted LSM510 confocal microscope coupled to LSM Image
Browser.As shown in A, mocknfected cells were negative for Ad5 DBP (image b) and coilin was found
in CBs (image c, arrow). In Adilfected cells, DBP was present imganuclearglobular foci (image f,
arrow) and coilin was redistributed into microfoci (image g, arrow). As shown in the overlay, coilin
microfoci surroundd, but did not colocalise witHDBP-positive foci (image h, arrow). As shown in B,
mockinfected cds were negative for Ad5 DBP (image b) and SMN was found in CBs (imagda c).
Ad5-infected cells, DBP was locatéd large nuclearfoci (image f, arrow) and SMN was redistributed
into rod-shaped structures within the nucleus (image g, arrow). As shove ioverlay (image h), DBP
(blue arrow) did not colocolise with redistributed SM(White arrow) in Ad5-infected cells.

Bars=10 pm.
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Figure 3-20. Red|str|but|on of SMN relatlve to virus assembly platforms in Ad5infected A549 cells.

A549 cells were mock or Ad5 infected at an MOI of 5 FFU/cell and were incubated for 24 hours. Cells
were fixed and subjected todirect immunofluorescenagsinga rabbit aniSMN and a mouse arfibre
antbody or a mouse antSMN and a rabbit anfienton base antibodpllowed by incubation with the
appropriate fluorescettdbelled secondary antibodiedluclei were stained using DAPI. Confocal
microscopy was performed using an inverted LSM510 confocal sdope coupled to LSM Image
Browser. A. Redistribution of SMN relative to fibre during Ad5 infectioklock-infected cells were
negative for Ad5 fibre (image b) and SMN was foundCBs (image c, arrow). In Adimfected cells,

fibre formed largeuclearaggegategimage f, arrow). SMN was redistributed from CBs into-sbdped
nuclear structures (image g, arrow). As shown by the yellow regions in the overlay, fibre protein
colocalised withSMN in the nuclei ofAd5-infected cells (image h, arrow). BRedistribution of SMN
relative topenton base during Ad5 infection. MoetKected cells were negative fé&xd5 penton base
(image b) and SMN was present in CBs (image c, arrow). IriA@sted cellspenton base formddrge
nuclear aggregatewith intense staimig at the nuclear periphegynage f, arrow). SMN waredistributed

into rodshapednuclearstructures (image g, arrow). As shown by the yellow regions in the overlay
(image h) penton base and SMN partially colocalised in theleiwf Ad5-infected cells (white arrow).

Penton base located at the nuclear periphery did not colocalise with SMN (blue arn®s) 2Baum.
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was located diffusely in the nucleoplasm and in nucleasshaghed structures (image g, arrow)
SMN rodshaped straares (image h, white arrow) were excluded from BRERitive
replication centres (image h, blue arrow). This suggested that SMN was not associated with

DNA replication domains during Ad5 infection.

3.4.5 Virus assembly platforms

During the latter stages of Ad&fection, large crystalline structures form within the nucleus
and around the nuclear periphery, composed of large aggregations of late viral proteins
(Franquevilleet al, 200§. These structures are thought to correspond to regions of virus capsid
assembly. As SMN was found to locate in nuclearsfogped structures in Adbfected cells,

the colocalisation of SMN with regions of virus assemifs investigated. As shown in Figure
3-20A, Mock-infected cellsvere negative for Ad5 fibre (image b, arrow) &N waslocated

in punctate CBs in theseells (image c, arrow)In Ad5-infected cellsAd5 fibre was located in
nuclear aggregates (imageafirow) andSMN was redistributed from CBs into nuclear +od
shapedstructures (image g, arrowRedistributed SMN patrtially colocalised with regions of
fibre staining, as shown by the yellow regions in the overlay (image h, arrow). To confirm the
colocaliséion of SMN with viral assembly platforms, the experiment was repeated using a
different SMN antibody and an antibody raised against a different Ad late protein, the penton
base. As shown in Figure-20B, in Ad5infected cells pnton base was found in neat
aggregates (image b, arrow) and SMN was redistributed into nucleashapédd structures
(image g, arrow)Redistributed SMNtolocalised with penton base within the nusleas shown

by the yellow regionn the overlay (image h, white arrowhlowever,accumulations of penton

base at the nuclear periphery did notl@calise with SMN (image h, blue arrow). This

indicated tlat during Ad5infection, SMNpartially associaté with regions of virus assembly.

3.5 Defining the stage of infection duringwhich CBs are rearranged

Considering the relatively large coding capacity of Ads and the expression of over 30 virus
proteins, identifying potential Ad proteins responsible for the redistribution and/or degradation
of a cellular protein is somewhdaunting. It would be logical to assume that expression of the
causative viral protein would shortly be followed by the cellular effect in question. Therefore
the time point during infection at which a cellular protein is redisteitbubaycorrelate with the

initial expression of the causative viral protein. It is not currently known which, if any, Ad
protein is responsible for CB redistribution during Ad5 infectiand the stage of infection at
which CB redistribution occurs has not been precisely defiAkkdough CB rearrangement in
Ad5-infected cells is known to be inhibited upon treatment with the DNA replication inhibitor
cytosine arabinoside (AraClRébeloet al, 1996 Rodrigueset al, 1996 Jameset al, 2010, it
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is not known whether the rearrangement is dependent on DNA replication itself or the
expression of latgroteins. The time point at which SMN is restributed from CBs is also
unknown. It cannot be assumed that SMkedistributed at the same time as coiimce SMN

is norressential for maintenance of CB architectlrenfmet al, 2006, and depletion of coilin
results in accumulation of SMN in Gems, which appear as punctate nuclear structures similar to
CBs (Tuckeret al, 200). ThereforeSMN could beredistributed from CBs at a different time
point in infection to coilin, without any obvious impact on CB architecturé¢his secton, the

stage of infection duringrhich CB proteinsare redistributed from CBs&as investigated

3.5.1 Treatment of Ad5-infected cells with cytosine arabinoside (AraC) to determine the

time point of CB rearrangement relative to Ad DNA replication
Cytosine arabinos@l (AraC) has long been used as a DNA replication inhibitor during virus
infection Gaynoret al, 1989. As the Ad late phase occurs after the onset of DNA replication
(Greenet al, 197Q Sharpet al, 1974 Tibbettset al, 1974, the inhibition of DNA replication
prevents progression to the later stages of infection. Therefore inhibiting DNA replication is a
useful tool for determining whether a cellular process occurs during the early oatde of

Ad infection.

3.5.1.1 Inhibition of Ad5 DNA replication using AraC

In order to confirm that late protein expression was inhibited following AraC treatment, AraC at
the optimised concentration (25 pg/ml) was added to mockd5infected A549 cells at the
same time as the Ad5 innoculum (Chaf@e2.6.) and incubated for 24 hours. Protein from
whole cell lysates was separated by SEXSGE and analyselly Western blotting (Chapter
2.2.2. Membranes were incubated with an 4P and an arfpenton base antibody as
markers of early phase and lgphase protein expression, respectively. An -@&&PDH

antibody was used as an internal loading control.

As shown inFigure 321, in the absence of AraC, there is expression of both DBP and penton
base at 24 h.p.i. In the presence of AraC, penton bagsirpmwas not detected in Adbfected

cells whereas xpresson of DBP was unaffectedAraC treatmendid not alter he levels of
cellular proteins, as shown by the laaglicontrol GAPDH. This indicatedhat at the
concentrati on us e dnteq tBedprogregdiomof jhe AdA lifegyCle tp theslatee

phase without affecting the expression of early phase proteins or host cell proteins.

3.5.1.2 Immunofluorescence microscopy of Adanfected cells treated with AraC
To assess the impact of inhibition of DNA riegtion on the redistribution of CB components

during Ad5 infection, A549 cells were treated with AraC at the same time as mock or Ad5
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Figure 3-21. Inhibition of late phase protein expression in Ad&infected A549 cells following

treatment with the DNA replication inhibitor, cytosine arabinoside (AraC).

A549 <cells were mock or Ad5 infecdibdrdaCdbt) aomr NMME
supplemented with 25 &g/ ml Ar <sates(were predared @rid)equal A t 2
masses of protein from each sample (20 pg) were separated bPSBE and analysed by Western

blotting using a mouse ariliBP, a rabbit antpenton base or a mouse aBG#®PDH antibody followed by

the appropriate secondary RRonjugate antibody. Bound antibody was detected using the ECL system

and images were captured using a LAS 3000 imaging sy$feck-infected cells(in the presence or

absence of AraCjvere negative for Ad5 DBP and penton base expression-ildeéted cells in the

absence of AraC were positive for both DBP and penton base expression at 24 h-mfeéted cells

treated with AraC were positive for DBP expression, but were negative for penton base expression. These
data showedhat AraC treatment inhiited latebut not early phasprotein expression in Adikifected

cells. AraC did not alter the protein levels of the internal loading control, GAPDH, in-rmockd5

infected cells.
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Figure 3-22. Prevention of coilin redistribution from CBs following treatment of Ad5-infected A549

cells with the DNA replication inhibitor, cytosine arabinoside (AraC).

A549 <cell s were mock or Ad5 i nfectderda Cdt) aomr NAME
supplemented with26g/ ml AraC ( 6+ AraCé) and incubated for
to indirect immunofluorescenceCells were incubated with a rabbit abDBP and a mouse artbilin

antibody followed by incubation with the appropriate fluorestain¢lled secondary antibodies. Nuclei

were stained using DAPI. Confocal microscopy was performed using an inverted LSM510 confocal
microscope coupled to LSM Image Browskr the absence of AraC, modkfected cells were negative

for DBP expression (image b) andilsowas located in punctate CBs (imageacrow). In Ad5-infected

cells in the absence of AraC, DBP wpsesent in nuclear foci (image &rrow) and coilin was
redidributed into microfoci (image grrow). In the presence of AraC, meitifected cells wer@egative

for DBP expression (image j) and coilin was found in punctate CBs (image k, arrow) which appeared
indistinguishable from CBs seen in untreated, mioéécted cells (image c, arrow). Adbfected cells

treated with AraC exhibited a diffuse nucldacalisation of DBP (image n, arrow) and coilin were
retained in punctate CBs (image o, arrow). These dataaiedicthat AraC treatment prevented the

redistribution of coilin from CBs into microfoci in Adiifected cellsBars= 20 um.
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cells with the DNA replication inhibitor, cytosine arabinoside (AraC).

A549 cells were mock or Ad5 infected at an MOI®f FFU/ cel | -Amna @AE Mo r( 6 DME

supplemented with 25 Og/ml AraC (6+ AraCé6) and
to indirect immunofluorescenceCells were incubated with a rabbit abBP and a mouse arfiMN
antibody followedby incubation with the appropriate fluorescéattelled secondary antibodies. Nuclei
were stained using DAPI. Confocal microscopy was performed using an inverted LSM510 confocal
microscope coupled to LSM Image Browskr the absence of AraC, modkfectedcells were negative

for DBP expression (image b) and SMN was located in punctate CBs (imag®w. In Ad5-infected

cells in the absence of AraC, DBP was present in nuclear foci (iiagerow) and SMN was

redistributed into roeghaped stictures in lhe nucleus (image @rrow). In the presence of AraC, meck

infected cells were negative for DBP expression (image j) and SMN was found in punctate CBs (image Kk,

arrow) which appeared indistinguishable from CBs seen in untreated.-infected cells (image,
arrow). Ad5infected cells treated with AraC exhibited a diffuse nuclear localisation of DBP (image n,
arrow) and SMNwasfoundin punctate CBs (image o, arrow). These data indicthiat AraC treatment
prevened theredistribution of SMN from CBs intaod-shaped nucleoplasmic structuirsAd5-infected

cells. Bars = 20 um.
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infection (Chapter2.2.6.). At 24 h.p.i, cells were subjected to indiremmunofluorescence
(Chapter2.2.7 using an antibody raised against the CB protein in question (coilin or SMN)
along with an artDBP antibody as a marker of Adafected cells. DBP was chosen as the
marker of AdSinfected cells as this protein has a very different-mudlear distribution
depending on the stage of infection. Prior to DNA replication, DBP appé#&usety in the
nucleoplasm (Puviebutilleul 1990a, 1990b). Upon DNA replication and transition into the
intermediate/late phase, DBP was present in distinct, globular structures within the nucleus
containing ssDNA intermediates (Puvibutilleul 1990a, 990b). As a result, DBP can be used

to distinguish between Adiifected cells in the early phase of infection (diffuse DBP) from
cells which are undergoing viral DNA replication (punctate, globular DBP).

As shown in Figure 22 and previouslyJameset al, 2010, In mockinfected cellsn the
absence of AraGhere was no detectable DBP (image b) emitin was locatd in CBs (image

c, arrow). In AdSinfected cells in the absence of ArdiBP formed characteristic globular foci
(image f, arrow) known to demark virus DNA replication centres (Pujotilleul 1990a,
1990b) anctoilin was redistributed into rosettes (imagegpw). In the presence of AraC, the
mockinfected cells exhibited punctate CBs (image k, arrow) similar to these in untreated

cells (image carrow). This suggested that AraC treatment did not have any effect on normal
CB morphology in terms of aitation to the CB diameter. In Adbfected cells, the
redistribution of coilin into rosettes was prevented in the presence of AraC; coilin remained in
CBs (image o, arrow). This suggested that coilin redistribution from CBs is dependent on Ad
DNA replication, as previously reported (Rebealbal., 1996; Rodriguet al.,1996; Jamest

al., 2010). As DNA replication was inhibited in these cells, the redistribution of DBP into the
characteristic globular domains associated with viral DNA replication wagpasented; DBP

was located diffusely in the nucleoplasm (image n, arrow), characteristic of its distribution in
the early phase (Puviebutilleul 1990a, 1990b).

The redistribution of SMN during Ad5 infection was also assessed in-theaed A549 cells
(Figure 323). In untreated, mocknfected cellsithere was no detectable DBP (image b) and
SMN was located in punctate CHignage c, arrow)In untreated, Adinfected cells,DBP
formed large globular foci (image f, arrow) al8VIN was redistributedinto rod-shaped
structures in the nucleudmage g, arrow)CBs in mockinfected cells treated with AraC
displayed CBs analogous to those seen in untreated cells (compare ipaagskwith image

c [arrow]). In AraGtreated, AdE&infected cells, the redistribution of SMMto nuclear rod
shaped structurewas prevented; SMN remained within intact C@®age o, arrow) This

indicated that, as with coilin, the redistribution of SMN occurs after Ad DNA replication.
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3.5.2 Treatment of Ad5infected cells with cycloheximide (CHX) to determine
dependence of CB rearrangement on late phase protein expression

Cycloheximide (CHX) is an inhibitor of protein biosynthesis and was previously used to inhibit

the expression of late proteidaring Ad infection when cells are treatduring the intermediate

phase(Horwitz et al, 1973 Sohn and Hearing, 2011Therefore, CHX treatmentturing the

intermediate/late phase of infection can be used to distinguish whether a process is reliant upon

Ad DNA replication or the expression of Ad late proteins.

3.5.2.1 Inhibition of Ad5 late phase protein expression using CHX

To verify the inhibition of &te protein synthesis using CHX, A549 cells were mock or Ad5
infected and incubated for 12 hours (Cha@&.6.]. At 12 h.p.i, the medium was exanged

for DMEM or DMEM supplemented with the optimised concentration of CHX (30 pug/ml) and
cells were incubated for 6 hourSghn and Hearipy 201). It was decided to remove the CHX
media after 6 hourss a similar level of protein inhibition was observed as for incubation with
CHX for 12 hours, withoutthe concomitantdeleterious effects on cell morphology. The
medium was exchanged fooroplete DMEM and incubated for a further 6 hours. Whole cell
lysates were prepared and protein was separated byPBBE&E and analysed by Western
blotting (Chapte.2.2. A mouse antDBP and a rabbit anpenton base antibody were used as

markers of early and late phase protein expression, respectively.

As shown inFigure 324, treatment of Ad3nfected cells with CHX prevented expression of the

late phase penton base protein. There was assstantial decrease in the level of early DBP
protein; this was probably due to the fact that continued DBP expression would be prevented
during the intermediate/late phase by treatment with CHX and, aslfHiéehaf DBP is around

5-7 hours Neale and Kitchingman, 198%his would result in a reduction in DBP levels by 24
h.p.i. As DBP is a necessary factor for Ad DNA replicatibimgenbaunet al, 1986 Cleat and

Hay, 1989, this reduction in DBP levels following CHX treatment may negatively impact DNA
replication. This should be taken into account when analysing the impact of CHX treatment on

the redistibution of CB proteins during Ad5 infection.

3.5.2.2 Immunofluorescence microscopy of Ad&nfected cells following CHX treatment

The impact of CHX treatment on the redistribution of CB proteins during Ad5 infection was
assessed. A549 cells were mock or Ad5 irdediChaptel.2.6.) and incubated for 12 hours.
Cells were incubated with either complete DMEM or complete DMEM supplemented with
CHX for 6 hours.The medium was replaced with complete DMEM and incubated for a further

6 hours before harvesting. Cells were subjecteddioect immunofluorescend€hapter2.2.2
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Figure 3-24. Inhibition of Ad5 late protein expression following treatment with the protein
translation inhibitor, cycloheximide (CHX) from 12-18 h.p.i.

A549 cells were mock or Adifected at an MOI of 5 FFU/cell and incubated for 12 hours. Cells were
incubated with -€CbKp)ebe DMEM éHHe DMEM suppl ement
CHXdé6) from 12 to 18 h.p.i. At 24 h. p.iprotemif20l e <c e
Hg) were separated by SBFBAGE and analysed by Western blotting. Bound antibody was detected using

the ECL system and images were captured using a LAS 3000 imaging dyltekrinfected cells in the

absence or presence of CHX did not express DBP or penton basmféctgd cells that were not treated

with CHX were positive for DBP and penton base expression at 24 h.p4infatded cells treated with

CHX had reduced DBPxgressionat 24 h.p.iand were negative for penton base expresaidhis time

point CHX treatment did not alter the protein levels of the internal loading control, GARDhbck or
Ad5-infected cells These data indicadethat CHX treatment of Adinfected cdb reduced the level of

early phas@roteins angrevented expression of late phaseteins.
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Figure 3-25. Prevention of cailin redistribution from CBs following treatment of Ad5-infected A549
cells with the protein translation inhibitor, cycloheximide (CHX) from 12-18 h.p.i

A549 cells were mock or Ad5 infected at -GHXA&MOI o
or complete DMEM supplemented wit h cal§ Foffoihgm6 CHX
hour incubation period, medium was replaced with fresh complete DMEM. Cells were fixed at 24 h.p.i
and subjected to indirect immunofluorescensiga rabbit antDBP and a mouse artdilin antibody
followed by incubation with the ppropriate fluoresceraibelled secondary antibodies. Nuclei were
stained using DAPI. Confocal microscopy was performed using an inverted LSM510 confocal
microscope coupled to LSM Image Browskrthe absence of CHX, moéhkfected cells were negative

for DBP expression (image b) and coilin was located in CBs (imagean). In Ad5-infected cells in the
absence of CHXDBP was present in the nucle(image J, either in a limited number of large, bright

foci (blue arrow; a distribution of DBP seenedrlier time points poshfection) or in numerous, smaller

foci (white arrow a distribution of DBP usually seen at later time points-pdsttion). In Ad5-infected

cells, oilin was redisributed into microfoci (image @rrow). As shown in the overlgycoilin microfoci

typically surounded DBP foci budid not colocalise with these structures (imagewdjte arrow),
however, in some cells there was partial colocalisation of coilin foci around the periphery of DBP centres
(image q, blue arrow)n the pesence of CHX, mockfected cells were negative for DBP expression
(image j) and coilin was found in CBs (image k, arrow) which appeared indistinguishable from CBs seen
in untreated, mocinfected cells (image c, arrowdn Ad5-infected cells treated wit CHX, only the

large, bright foci of DBP were sedimage n, arrow)there was no evidence of the numerous, smaller
DBP foci usually seen at late time points piogéction. In Ad5-infected cells treated with CHXoilin

was retained in CBs (image white arrow) and was also preseat lowlevel in adjacentlarger foci

(image o, blue arrow)As shown in the overlay, coilin in these larger foci colocalised with DBP foci
(image r, arrow)These data indicatehat CHX treatmenduring the intermediate phaef Ad5infection
prevented redistribution of coilin from CBs intaicrofoci, and resulted in a partial accumulation of coilin

in DBP-positive foci Bars= 20 pm.
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Figure 3-26. Prevention of SMNredistribution from CBs following treatment of Ad5 -infected A549

cells with the protein translation inhibitor, cycloheximide (CHX) from 12-18 h.p.i

A549

orcompke t e

cel

| s
DMEM

wer e

mock or

suppl ement ed

Ad5 i

wi t h

nfected

30

at -@HX avol

Og/ mkellsGvErX ( 6 +

incubated fo6 hous. Medium was replaced with fresh complete DMEM. Cells were fixed at 24 h.p.i and

subjected toindirect immunofluorescencasing a rabbit antDBP anda mouse amtSMN antibody

followed by incubation with the appropriate fluoresekttelled secondary antibodies. Nuclei were

stained using DAPI. Confocal microscopy was performed using an inverted LSM510 confocal

microscope coupled to LSM Image Browskrthe absence of CHX, moghkfected cellsnvere negative
for DBP (image b) and SMN was located@Bs (image carrow). In Ad5-infected untreatectells DBP

was present in the nucleus (imaDe either in a limited number of large, bright foci (blue arraw;

distributionof DBP seen at earlyme points posinfection) or in numerous, smaller foci (white arrcav

distribution of DBP usually seen at late time points {ofgction). In Ad5-infected untreatectells, SMN

was redistributed intouclear roeshaged structuregimageg, arrow). Mock-infected CHX-treatedcells

were negative for DBRimage j) andSMN was found in CBs (image k, arrow) which appeared

indistinguishéle from CBs seen imockinfected untreatedcells (image c, arrow). In Admfected

CHX-treatedcells CHX, only the large, bright foci of DBP were seen (image n, arr8MN was

retained in CBdn these cell§image o, arrow). These data indightdnat CHX treatmenturing the

intermediate phase of Ad5 infectipneventedheredistributon of SMN from CBs. Bars= 20 um
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using an antDBP antibody to identify AdSnfected cells along with an antibody raised against
the CB protein in question (coilin or SMN).

As shown in Figure -25, in mockinfected, untreated celthere was no detectabDBP (image

b) andcoilin was found in CBs (image c, arrow) and. In Adgected, untreated cell§BP
formed large globular foci in the nuclei (image f, arrow) awilin was redistributed into
rosettes (image g, arrow)reatment of mochnfected cellswith CHX did not appear to affect
the integrity of CBs in termef CB diameter (compare imagg&row with image clarrow).
Treatment of AdSnfected cells with CHX prevented the formation of coiosettes (image o,
arrow). This indicated that the rnstfibution of coilin from CBs to rosettes required protein
synthesis in the late phase. Interestingly, coilin in the-iviicted, CHXtreated cells, coilin
partially localisedin Ad DNA replication centresvith DBP (image r, arrow). This was in
contrastto Ad5-infection of CHX-untreated ells, where coilin rosettes generally surrounded
DBP-positive DNA replication centremage g,white arrow) with some colocalisation of
rosettes with DBP at the periphery of these domains (image ¢, blue .afitd/)Jndcated that
upon inhibition ofintermediatdAte phase protein expression in Aidtkected cells, coilin is not
redistributed into rosettes; instead, coilin remains within CBs and a subset of coilin becomes

partially associated with Ad DNA replication domsin

The impact of CHX treatment on SMN redistribution during the late phase of Ad5 infection was
also assessed (Figure28). Mock-infected, untreated cellwere negative for DBP (image b)
and SMN was present in punctate CBs (image c, arrow). In-idficted, untreated cell)BP
formed globular nuclear foci (image f, arrow) @BIN was redistributed into the nucleoplasm
and into nuclear redhaped structures (image g, arrow). In mindkcted cells, CHX treatment

did not alter the morphology of CBs in terms of CB diameter (inkagerow). In Ad5infected
CHX-treatd cells,SMN remained within intact CBs (image o, arrow). This indicated that, as
with coilin, protein synthesis in the late phase is required for the redistribution of SMN during
Ad5 infection.

The formation of nuclear spot and ring structures by DBP is indicatitheobnset of viral
DNA replication and this was evident in untreated Ad®cted cells (Figure-25 and Figure 3

26, image f) and CHXreated, Ad&infected cells (Figure-25 and Figure 26, image n). This
indicated that viral DNA replication was stiltourring in Ad5infected cells treated with CHX.

In the Ad5infected, untreated cells, the globular accumulations of DBP exhibited two distinct
structures. Early in the infectious cycle, DBP located in a small number of large, bright foci
(Figure 325 andFigure 326, image f, blue arrow), whilst at a later stage DBP is predominantly

found in more numerous, weaker staining accumulations (FiglBea®d Figure 26, image f,
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white arrow). In the AdBnfected, CHXtreated cells, only the large, bright, legsnerous foci

of DBP were present (FigureZb and Figure 26, image n, white arrow) i.e. the morphology
present at an early stage of infection. This suggested that the temporal shift in DBP morphology
was slowed in CHXreated cells. The altered morphgjoof DNA replication centres could

also be due to the reduced protein levels of DBP following CHX treatment (FigRde
addition, CHX has been previously shown to inhibit Ad DNA replicati®ohfi and Hearing,

2011), which could account for disrupted distribution of DBP, a protein required for Ad DNA
replication. Further work is required to address these suggestions.

3.5.3 Rearrangement of Bs in relation to L4-33K expression

Ad5 L4-33K is expressed immediately following the initiation of Ad DNA replication
(Akusjarvi, 2008 Morris et al., 2010 and therefore represents the onset of intermediate gene
expression. By cataining AdSinfected cells with an anti4-33K antibody alongside an
antibody raised against a CB protein (coilin or SMN) CBamangement relative to the
expressionof L4-33K can be determined. The presence or absence-88K4expression in
Ad5-infected cells along with the stiuclear distribution of the CB protein can establish

whether CB disassembly occurs prior to, or following, expression -@3k4

As shown inFigure 327A, mock-infected cellsvere negative for L83K (image b) andoilin
was located in punctate CBs (image c, arrowbhesecells. At 24 h.p.i, the majority oAd5-
infected cells express L4-33K (image b arrow) andexhibiteda rosette distribtion of coilin
(image c, white arrow). Adihfected cells expressing E3BK either exhibited intact CBs
(imageh, white arrow) or rosettes (imadpe blue arrow) Interestingly, no cells were found to
exhibit rosettes in the absence ofB3K expression, iicating that coilin is redistributed after
L4-33K expressionTo quantify the redistribution of coilin relative to 138K expressionthe
following parameters were used: the presence or absence-238K 4nd the distribution of
coilin (O6CRé&kdred&®dr)as elthtreelespgf i el ds of 100 cell
the experiment was repeated twice. As showhigure 327B, 53% of Ad5-infected cells were
negative for L433K expression and exhibite@Bs, indicating they are either uninfected cells
cells at an early stage of infection prior to-B3K expression. The proportion of cells positive
for L4-33K and rosettes was 9 No cells were found to exhibit rosettes in the absence of L4
33K expression, whilst% of L4-33K-positive cells exhilted intact CBs. This suggestedat
during Ad5 infection, the expression of 438K precedd the redistribution of coilin into
rosettesinterestingly, coilin and L83K exhibited partial cdocalisation in rosettes in the Ad5
infected cellstigure 327A, image h, blue arroyysuggesting that 1-83K may be a component

of rosettes in Addnfected cells.
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Figure 3-27. The redistribution of coilin during Ad5 infection relative to expression of Ad5 L433K.

Cellswere mock or Ad5 infected at an MOI of 5 FFU/cdit 24 hp.i, cells were fixed and subjected to

indirect immunofluorescencasinga rabbit antiL4-33K and a mouse arntbilin antibody followed by

incubation with the appropriate fluorescdaibelled secodary antibodiesNuclei were stained using
DAPI. Confocal microscopy was performed using an inverted LSM510 confocal microscope coupled to
LSM Image BrowserA. Representative confocal microscopy images of caitid L4-33K at 24 h.p.i.
Mock-infected cellsverenegative for L433K (image b) and coilin walecated in CBs (image c, arrow).

In Ad5-infected cells, L433K (image f, arrow) and coilifimage g, arrow) were found in nuclear
microfoci. As shown in the overlay (image h), cells exprestd@3K exhibited coilin in CBs (white

arrow) or inmicrofoci (blue arrow). No Ad&nfected cells contained coilin microfoci the absence of
L4-33K expressionBars = 10 pymB. Quantification ofcoilin and L433K distributions in Ad&nfected

cells at 24 h.p.i. Cellsvere quantified using the following parametepesence(+) or absence

(-) of L4-33K and coilin distribution (CB or rosette). Three fields of 100 cells were counted from each

coverslip. Results are the mean percentage of cells (+ SEM) from three independent experiments.
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Figure 3-28. The redistribution of SMN during Ad5 infection relative to expression of Ad5 L433K.
Cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were fixed

and subjected tindirect immunofluorescenceCells were incubated with a rabbit ab#i-33K and a
mouse ati-SMN antibody followed by incubation with the appropriate fluorestamlled secondary
antibodies. Nuclei were stained using DAPI. Confocal microscopy was performed using an inverted
LSM510 confocal microscope coupled to LSM Image BrowAeRepreserdtive confocal microscopy
images of SMN and L-83K at 24 h.p.i. Mocknfected cells were negative for 138K (image b) and
SMN was located in CBs (image c, arrow). In Adfected cells, L433K (image f, arrow) was found in
nuclear microfoci and SMN was distributed in the nucleoplasm (image g, arrow). As shown in the
overlay (image h), cells expressing-B8K exhibited SMN in CBs (whitarrow) ornucleoplasmic SMN
(blue arrow). No AdS&nfected cells contained redistributed SMN in the absence 3K exgession.
Bars = 20 um. B. Quantification of SMN and 438K distributions in AdSnfected cells at 24 h.p.i. Cells
were quantified using the following parameters: presence (+) or absgnoé I(4-33K and SMN
distribution (CBor nucleoplasmic). Three fieldsf 100 cells were counted from each coverslip. Results

are the mean percentage of cells (+ SEM) from three independent experiments.
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The redistribution of SMN in relation to E33K expression was also investigatdd shown in
Figure 328A, Mock-infected ells did not express L83K (image b) and I8N was found in
punctate CBs (image c, arrow). In Aitfected cells, there was a punctate distribution of L4
33K (image f, arrow) and SMN was redistributed within the nucleoplasm and inshaped
structures irthe nucleus (image g, arrow). Adffected cells expressing L3BK either contain
intact CBs (image h, white arrow) or redistributed SMN (image h, blue arrow). No cells
exhibited redistributed SMN in the absence 0f33K expression. The cells were quéiad

using the following parameters; the presence or absence 38K 4and the distribution of SMN

(CB or nucleoplasmic/diffuse SMN). Three fields of 100 cells were counted from each coverslip
and this experiment was repeated three times. As shown ireRB@8B, 46 of Ad5-infected

cells were negative for |-83K expression and exhibited intact CBs, indicating they are either
uninfected or at an earlier stage of the infectious cycle. The proportion of cells exhibiting L4
33K and redistributed SMN was %5 Interestingly, no cells exhibited redistributed SMN in the
absence of L83K expression, whilst% of cells exhibited intact CBs in 33K-positive cells.

This suggested that, similar to the results obtained with coilin, the expression-3¥KL4

precedestte redistribution of SMN during Ad5 infection.

3.5.4 Ad5-induced CB redistribution in primary human keratinocytes

To date, the redistribution of CBs following species C Ad infection has only been reported in
the cervical cancer cell line HeL&&beloet al, 1996 Rodrigueset al, 1996 Jameset al,

2010. Although cell lines are often good models for virus infection, the interaction of Ads with
primary cells may be different to that of transformed cell lines. To address this question, CB

distribution in Ad5infectedprimary human keratinocytes was investigated.

To establish an infection time course of Ad5 in primary human keratinocytes, cells were mock
or Ad5 infected (Chapte2.2.6.), whole cell lysates were prepared at 0, 4, 8, 12, 16, 24 and 48
h.p.i and protein was subjected to analysis by - $B&E and Western blotting (Chape.?.

As found with A549 cells (ChapteB.?2), the first signs of CPE in therimary human
keratinocytes werat 48 hp.i, therefore this was the final time point at which cells were
harvested. A mouse afdBP and a rabbit anpenton base antibody were used to detect early
and late phase protein expression, respectively. A mous&ARIDH antibody was used as an

interral loading control.

As shown inFigure 329, DBP wasfirst detected at 12 h.p.i.eRton base was first detected at
24 h.p.i, with incresed expression by 48 h.p.i. These results sanglar to penton base

expression in AB-infected A549 cell¢Figure 31). These data indicadeéhat the time course of
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Figure 3-29. Ad5 infection of primary human keratinocytes.

A. A time course of Ad5 infection in primary human keratinocytes. Cells were mock or Ad5 infected at
an MOI of 5 FFU/cell and incubated for 0, 4, 8, 12, 16, 24 or 48 hours. Whole cell lysates were prepared
and equal masses of protein (20 pug) were separated byPAIBE and analysed by Western blotting.
Bound antibody was detected using the ECL system aradjds were visualised using a Las 3000
imaging systemDBP was first detected ithhe Ad5-infected cells at 12 h.p.i, with increased expression at

48 h.p.i. Perdn base was first detected at I24.i, with increased expression at 48 h.plack-infected

cels at 24 h.p.i were negative for both DBP and penton base expressiats of the internal loading

control, GAPDH, remained constant during the time course of Ad5 infection.
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Figure 3-30. B. The redistribution of coilin and SMN following Ad5 infection of primary human
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keratinocytes.

Cells were mock or Ad5 infected at an MOI of 5 FFU/cell and incubated for 24 hours. Cells were fixed
and subjected to indirect immunofluorescence using a rabbiEdAtiantibody along with a mouse anti
coilin or a mouse antsMN antibody followed by incubation with the appropriate fluorestavelled
secondary antibodies. Nuclei were stained using DAPI. Confocal microscopy was performed using an
inverted LSM510 confcal microscope coupled to LSM Image Browser. A. The redistribution of coilin
following Ad5-infection of primary human keratinocytes. Meicected cells wre negative for E1A
(image b) and coilinvas found in CBs (image arrow). Ad5-infected cellswvere msitive for E1A (image

f, red cell¥ and coilin was redistributed from CBs into microfatithese cellg§image g, arrow). B. The
redistribution of SMN following Ad&nfection of primary human keratinocytes. Meiciected cells

were negative for E1A (imad® and SMN was lodad in CBs (image c, arrowhd5-infected cells were
positive for E1A (image,fred cell3; SMN was redistributed intouclear roeshaped structures (image g,

white arrow) and also exhibited increased cytoplasmic staining (image grbbwe.Bars = 20 pm.
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Ad5 infectiontime coursén primary human keratiraytes wasimilar to that observed in A549
cells. As the abundance of cells exhibiting rosette distribution of coilin inikfdsted A549
cells reached a peak at 24 h{figure 31), it was reasoned that this would be an appropriate

time point to study the redistribution of CBs in the primary human keratinocytes.

Primary human keratinocytes were mock or Ad5 infected (Ch&p2e6.) and subjected to
indirect immunofluorescence at 24 h.p.i (Chagtér7). Cellswere stained using either a mouse
anticoilin or a mouse anr®BMN antibody along with a rabbit affilA antibody to identify
Ad5-infected cels. As shown in Figure-30A, mockinfected primary human keratinocytes
were negative for E1A expression (imageay coilin was located in large, punctate CiBs

these cellgimage c, arrow). Adidnfected cells were positive for E1A expression (imaged

cells) and coilin was redistributed from CBs into rosettes in these cells (image g, arrow). These
data are sinhar to results obtained with A549 cells (Figure8Band previous data in HeLa cells
(Rebeloet al, 1996 Rodrigueset al, 1996 Jameset al, 201Q. Therefore, in addition to the
transformed cell lines HelLa and A549, the redistributionadifrcfrom CBs into rosettes also

occurs during Ad5 infection of primary human keratinocytes.

The redistribution of SMN following Ad5 infection of primary human keratinocytes was also
investigated (Figure -30B). Mockinfected primary human keratinocytesen negative for
E1A expression (image b) and exhibited a punctatediSBibution of SMN(image c, arrow),
with some nucleoplasmic and cytoplasmic staining. -A&dé&cted primary human keratinocytes
were positive for E1A staining (image f) ail8MN was locatal in the nucleoplasm and in
strongerstaining nucle@lasmic structures(image g, arrow)similar to that observed in Ad5
infected A549 cellsvhen using the mouse atf8MN antibody(Figure 36). However, there also
appeared to be increased cytoplasmiaining of SMN in AdSnfected primary human
keratinocytes (image g, blue arrow); this was not observed in studies im#&dted A549 cells
using the mouse arBMN antibody (Figure -®). This indicated thatvhilst the Ad5-induced
redistribution of SMNfrom CBs into strongestaining structures in the nucleoplasoturredn

both primary human keratinocytes and A549 cdite location ofSMN in the cytoplasm may
differ between these two cell lines. Further studies in these two cell lines with addiMha
antibodies would be required to confirm thisiken together, tlsedata obtained with primary
human keratinocytes validate the CB redistribution data found in A549 cells. Furthermore, these

data also validate A549 cells as an appropriatedelbimodel for the study of Ad5 infection.
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Figure 3-31 The redistribution of coilin and SMN following Ad12 infection of A549 cells.

A549 cells were mock or Ad12 infected at an MOI of 5 FFU/cell and incubatezfbours. Cells were
fixed and subjected tindirect immunofluorescenceCells were incubated with a mouse drgkon
antibody along with a rabbit antbilin or a rabbit antSMN antibody followed by incubation with the
appropriate fluorescettdbelled secondary antibodies. Nuclei were stained using DAPI. Confocal
microscopywas performed using an inverted LSM510 confocal microscope coupled to LSM Image
Browser.A. Redistribution of coilin following Adlanfection of A549 cells. Mochnfected cells were
negative for hexon expression (image b) and coilin wasddn CBs (imag c, arrow). Adlanfected

cells were positive for hexon (image f, green celisgse cells exhibitedmaller more numerousoilin

foci in the nucleus (image gyhite arrow) compared with CBs seen in uninfected cells (imadpug
arrow). B. Redistribubn of SMN following Ad12infection of A549 cells. Mocknfected cells were
negative for hexon expression (image b) and SMN was found in CBs (image c, arrowjinfetied

cells were positive for hexon (image f, green cells); these cells exhibited naskaip SMN (image g,

white arrow) and cytoplasmic SMN levels were increased (imagkig arrow) Bars= 10 pm.
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Figure 3-32. The redistribution of coilin and SMN following Ad3 infection of A549 cells.

A549 cells were mock or Ad3 infected at an MOI of 8BU/celland incubated for 24 hours. Cells were
fixed and subjected to indirect immunofluorescence. Cells were incubated with a rabbit Zufitore
antibody along with a mouse awilin or a mouse antsMN antibody followed by incubation with the
appropriate fluorescettdbelled secondary antibodies. Nuclei were stained using DAPI. Confocal
microscopy was performed using an inverted LSM510 confocal microscope coupled to LSM Image
Browser. A. Redistributon of coilin following Ad3infection of A549 cells. Mochnfected cells were
negative for fibre expression (image b) and coilin was found in CBs (image c, arrownfad@d cells

were positive for fibre (image §ireen cellsand coilin was redistribatl into nuclear microfoci (image g,
arrow). B. Redistribution of SMN following AdBfection of A549 cells. Mocknfected cells were
negative for fibre expression (image b) and SMN was found in CBs (image c, arrowinféckgd cells

were positive for fibe (image f, green cells); these cells exhibited a diffuse nucleoplasmic distribution of
SMN (image g, white arrow) whereasuninfected cellSSMN was located in CBs (image g, blue arrow).
Bars= 10 pm(A) or 20 pm(B).
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3.6 Analysis of CB redistribution during infection with Species A Ad12 and

Species B Ad3 by immunofluorescence microscopy
To date, the redistribution of CBs has been characterised only in relation to infection with
species C AdsRebeloet al, 1996 Rodrigueset al, 1996 Jameset al, 201Q. To investigate
whether the redistribution of CB proteins was a conserved feature of infection by adenoviruses
of other species, A549 cells were infected with Ad12 (Species A) or Ad3 (Species B) at an MOI
of 5 or 0.5, respectively (Chapt®.2.6.). At 24 h.p.i, cells were subjected to indirect
immunofluorescence (Chapt2r2.7) using an antcoilin or an aniSMN antibody and an anti

Ad3 fibre or an anthexon antibody as markers of Ad8hd Ad12infection, respectively.

As shown in Figure 31A, mock-infected cellswere negative for hexon (image b) arwilin

was found in CBs (image c, arrow) thesecells. Ad12infected cells were positive for hexon
(image f; green cells) and exhibited coilin microfoci in the nucleus (image g, white arrow)
which appearedmaller insize thanCBs found in uninfected cells (image g, blue arrow). These
coilin microfoci did not formhe regular, circular clusteseen in Ad&infected cells Figure 3

3), indicating that CB disassembly following Ad12 infection may differ to AdBction.

Adl12-infected cells were also investigated for SMN is&tbution (Figure 331B). Mock-
infected cellswere negative for hexon expression (image b) &MN was located in CBs
(image ¢ arrow) in these cellsAd12infected cells (image f, green cells) exited a diffuse
distribution of SMN inthe nucleus (image g, white arrow) and also strong SMN staining in the
cytoplasm (image dplue arrow).This contrasts with data iAd5-infected cells,where SMN

was redistributed into nuclear retiaped structure@-igure 36). However, these data with
Ad12 were obtained using the rabbit 88N antibody, which did not appear to stain the Ad5
induced roeshaped structures as strongly as the mousesafitl antibody (Figure 3).

The impact of A8 infection on the calilar localisation of coilinvas nvestigated (Figure-3
32A). Mock-infected cellswere negative for Ad3 fibre expression (image b) aailin was
located in punctate CBs these cellgimage c, arrow). Ad3 infection resulted in the expression
of Ad3 fibre (image f, green cells) and the redistribution of coilin into rosettes (image g, arrow)

which were very similar to those seen during Ad5 infection (Figt8e 3

SMN distribution following Ad3 infection was alsassessed (Figure32B). Mock-infected
cells were negative for Ad3 fibre (image b) asMN was found within CBsn these cells
(image c, arrow). Addnfected cellswere positive for Ad3 fibre expressidimage f, green
cells) and exhibiteda diffuse nucleoplasmidistribution of SMN (image g, whiter@w). In

contrast the Ad3 fibrenegative cells (image f, blue arrow) exhibited CB distribution of SMN
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(image g, blue arrow)These datasshowed that SMN was redistributed from CBso the
nucleoplasm during Ad3 infection. However, there was no evidehowm@ased cytoplasmic
staining as seen with Ad12, mavere thereconcentrated regions of SMih rod-shaped

structureswithin the nucleus, as seen with Ad5.

Taken together, these data indicated that CB disassembly may be a conserved mechanism
amongst adesviruses since infection with Ads from species A (Ad12), species B (Ad3) and
species C (Ad5) all indudeCB disassembly. However, themilin microfoci formed during

Ad12 infection appead to differ from those formed during infection with Ad5 or Ad3,
indicating that the interaction of Spies A viruses with coilimay differ to that of Ads 3 and 5.
Moreover, the redistribution of SMiffom CBs appeared to differ iall three viruses: Ad5
induced rearrangement of SMN into nuclear-sbdped structures, Ad3 infection resulted in
diffuse nuclear BIN whilst Ad12 infectionredistribued SMN diffusely within the nucleus and

into the cytoplasmThis indicated that theserusesall interact with SMN in different ways.

3.7 Chapter 3 Discussion

The Cajal body (CB) is a multifunctional suabiclear body involved in the maturation and
biogenesis of spliceosome components (reviewddarris, 2008. During Ad5 infection, the

marker protein of CBs, p80 coilin, is redistributed into numerous micraRedé€loet al, 1996
Rodrigueset al, 1996 Jamest al, 201Q. In order to begin an analysis of the function of coilin

mi crofoci (termed O6érosettesod), the redistri
nuclear substructures by indirect immunofluorescence. Rosettes were not associated with PML
NBs or nuéeoli, suggesting that rosettes are not involved in functions related to these nuclear
bodies. Rosettes appeared to enclose viral DNA replication centres and were surrounded by sites
of splicing, as reported previouslyameset al, 201Q. It would be logical to consider that due

to their close proximity to regions of splicing, rosettes may sinaully as a local snRNP
processing factory during Ad5 infection. However, unlike conventional CBs, rosettest do
contain snRNPs, indicating that rosettes do not function as sites for spliceosome subunit
maturation Bridge et al, 1993a Rebeloet al, 199§. Taken togetherthese data indicalehat

rosettes may be providing a currently undefined function during Ad5 infection that is potentially

distinct from normal CB function.

Interestingly, it has recently been shown that CB proteins are involved in diverse cellular
processes aside from snRNP maturation. Coilin was suggested to play a role in DNA damage
responses Morency et al, 2007 Gilder et al., 201). Ads havebeen shown to disrupt
components of the DNA damage response pathway during infection; thé&3KIB4orf6

complex ubiquitinates and targets the MRN complex for degradation in order to prevent
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concatemerisation of the Ad genome and the subsequaiition of DNA replication
(Strackeret al, 2002 Araujo et al, 2005 Liu et al, 2005. Therefore it is possible that CB
disruption during Ad5 infection may be a mechanism to subvert aoitidiaed DNA damage
responses. Indeed, analysis of coilin protein levels during Ad5 infection revealed that coilin
levels are reduced by 48 h.p.i (Figure$ and 32), indicating that coilin may be targeted for
degradation during Ad5 infection. However, if doilwas a restrictive factor during Ad5
infection, coilin depletion might be expected to enhance Ad5 infection; previous data suggested
that coilin depletion resulted in decreased production of Ad5 late proteins and reduced the virus
titre (Jameset al, 201Q. This indicates that rather than being a restrictive factor, coilin may be
required for a pductive infection. Further work will be required to define the precise role of
coilin during Ad5 infection and to clarify whether coilin is a target of the B3R/E40rf6
ubiquitin ligase complex.

In contrast to coilin, spliceosomal snRNPs are redigiibinto nucleoplasmic ring structures
following Ad5 infection Bridge et al, 1993a Rebeloet al, 1996. This indicate that tre
trafficking of sShnRNPs to CBs wsaabrogated during Ad5 infection. However, the impact of Ad5
infection on the snRNP chaperone proteins SMN and WRAP53 was unknown.
Immunofluorescence microscopy of Adfected cells revealed that WRAPS5®%as
redistributed into rosettes along wittoilin (Figure 35). In striking contrast, SMN was
redistributed from CBs intéhe nucleoplasm and nuclear fslklaped structure@=igure 36).

This indicated that SMN playa different role to the CB proteins found in rosettes (coilin,
fibrillarin and WRAP53) durig Ad5 infection. Indeed, rpvious work has shown that protein
components of other nuclear substructures (such as-WBAL and nucleoli) are also
redistributed to different nuclear domains during Ad infection in order to facilitate diverse
functions PuvionDutilleul and Christensen, 199Buller and Dejean, 199Matthews, 2001
Zhaoet al., 2003. For example, the nucleolar protein C23 (nucleolin) is redigeibinto the
cytoplasm, possibly to subvert the transcriptienegiressive properties of C23 (Matthews,
2001). In contrast, another nucleolar protein, B23, is sequestered into viral replication centres
and appears to promote viral replication, possibhaioing the assembly of viral chromatin or
progeny virions Qkuwakiet al, 2003 Lawrenceet al, 2006 Samadet al, 2007 Samackt al,

2012 Ugai et al, 201). Thereforedifferent CB proteins may be redistributed to different

subnuclear regions in order to promote distinct functions during a productive Ad5 infection.

In order to facilitate identificadn of the function of these novel SMdbntaining domains, the
redistribution of SMN was assessed relative to known nuclear domains. Immunofluorescence
analysis of SMN redistribution in Adiifected cells revealed there was some overlap between

redistribued SMN and sites of splicing=igure 311). However, de to the nucleoplasmic
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distribution of SMN and transcription/splicing factors during the later stages of Ad5 infection, it
is possible that thepartial colocalisatiommay simply be a result of thainutual nucleoplasmic
distribution rather than a specific association. Interestingly, SMN has previously been reported
to be involved in splicing regulation by both indirect and direct mechaniBeikizg¢oniet al,

1998 Mourelatoset al, 2002 Pellizzoniet al, 2002 Zhanget al, 2008 Makarovet al, 2012.

Further investigation is required to define a potential role of SMN in Ad splicing. It should be
noted that snRPs are not a definitive marker of active splicing since in uninfected cells under
steady state conditions they are located diffusely within the cell and concentrate within CBs,
which are not sites of active splicing (Bridge al., 1993a). Therefore, inrder to more
accurately identify an association between SMN and regions of active splicing during Ad5
infection, further immunofluorescence microscopic analyses using an antibody against an

essential splicing factor such as SRSF2 is warranted.

In additionto partial colocalisation with regions of splicifgMN alsocolocalisel with regions
of virus assemblyRigure 320). This indicated that SMN isivolved in assembly of Ad virions.
Intriguingly, the SMN complex has previously been implicated in virioserbly during
infection with minute virus of mice (MVM) (Youngt al.,2002a, b; 2005)lt is posgble that
the SMN complex ishijacked during Ad infection tdacilitate assembly ofprogeny virions.

Further wak will be required to determinghether SMN plays a roia Ad virion assembly

Identifying the stage of Ad infection at which a protein is redistributed may also aid with
identification of its function. In this lager, the redistribution of both coilin and SMN was
prevented when DNA replication was inhibitdeigure 322 and Figure 23), suggesng that
progression to the intermediate and late phase of infection is required for redistribution of coilin
and SMN. CBredistribution was also prevented when Adfected cells were treated with
CHX during the late phase of infectioRigure 325 and Figure 26), indicating that protein
synthesis in the late phase may be required for CB redistribution. Finally, theilbedmst of

both coilin and SMN appeared to occur after the expression-88K4(Figure 327 and Figure

3-28), indicating that CB disassembly occurs during the intermediate/late phase of Ad5
infection. These data indicated that both coilin and SMN matatyeted for redistribution by
intermediate and/or late phase Ad protein(s), possibly to facilitate a currently undefined function

during the later stages of the Ad lifecycle.

Although collectively these data give a strong argument for CB disassemblyingalurring
the intermediate/late phase, there were some limitations to these studies. CHX treatment
resulted in a decreased accumulation of Ad DBBUre 324), an essential factor for Ad DNA

replication. Furthermore, DNA replication centres appearetiale an altered morphology
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following CHX treatment Figure 325 and Figure -26). Indeed, CHX has been previously
reported to directly inhibit Ad DNA replicatiorS6hn and Hearing, 20L1Therefore it should

be noted that the observed inhibition of CB redistribution following CHX treatment may be due
to DNA replication inhibition by CHX rather than inhibition of protein synthesis in the late
phase. In addition, it was previously reported that treatment of HelLa cells with CHX induced
the redistribution of CBs into microfocRebeloet al, 1999. The lack of CB fragmentation
observed in the current experiment may be due to the removal ofcGhEgining media at 18
h.p.i, allowing recovery of CB architecture by the time the oslise fixed Rebeloet al,

1996. Alternatively, the concentration of CHX used in thigdy (30 pg/ml)was lower than

that used by Rebelet al (100 pg/ml), therefore it is possible th@B reorganisation did not
occur at this lower CHX concentration. Further work is required to address these suggestions.

CHX treatment wa$ound to result irthe partial cdocalisationof coilin with Ad5 DBP in Ad
DNA replication centreqFigure 325). This indicated that in the absence of lam®tein
expression, coilin becae associated with regions Afl DNA replication. Itis possible that the
location of coilin inDNA replication domains is prevented during late phase infection by the
interaction of coilin with a late Ad protein, resulting in redistribution of CB nokettes rather
thanin replication centres. Further wowill be required to determine whether coilin interacts

with any Ad late phase proteins and/or early Ad proteins involved in DNA replication.

It was found in this study that disassembly of CBs occurred after the expressior38KL4
This is in contrasto previous published data, which segted thatCB disassembly occurred
prior to theL4-33K expressionJamest al, 2010. The discrepancy between these data and the
publisked data may be due to differences in the virus titres used (an MOI of 1000 FFU/cell
[Jameset al.] versus MOI of 5 FFU/cell [in this study]) or the different cell lines used (HeLa
[Jameset al.] versus A549 [in this study]). In addition, the exposuresdusn he confocal
microscope may havimpaced on the results. Setting a too low exposure for3BK may
result in cells expressing low levels of B8K to appear negative for L3BK. This could result

in some cells appearing to exhibit rosettes in treeate of L433K expression. The reciprocal
may also occur; too low an exposure for coilin may not deteatosette structuresvhich ae
generally much smallethan normal CBs. This could result some cellsappeaing to be
positive for L4-33K but negave for rosettes. However, the latter is less likely as these cells
would appear to express no coilin at all, which would register as unusual. For the acquisition of
these data, the exposures for both coilin and38K were carefully adjusted by firstly
optimising the exposes for L433K and coilin inthe Ad5infected cells, to esure detection of
coilin rosettesand cells expressintpw-level L4-33K. The mockinfected cells were then used

to check for oveexposure of coilin or neapecific background stang of L4-33K. The results
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of this caeful optimisation gae a strong argument for the rearrangement of coilin following
expression ofL4-33K. However, it should be noted that thetiL4-33K antibody used may
also detect LL2K (Ostapchuket al, 2006, thereforethe redistribution of CBsvas likely
shown relative to expression Io4-33K and/or L422K, rather thah4-33K alone.

To date, the redistribution of CB proteins has only been assessed in the cancer cell line HeLa
(Rebeloet al, 1996 Rodrigueset al, 1996 Jameset al, 201Q. HelLacells contain integrated
HPV-18 DNA (Geyet al, 1952; thisis not ideal for the study of viral infecticas expression

of HPV-18 oncogenesn these cellanay interfere with cellulaprocesses. In this study, the
impact of Ad5 infection on the subcellular distribution of CB proteins was assessed in the non
virally transformed cell hie, A549. Coilin wasedistributed following Ad5 infection of A549

cells in a manner very similar taesults previously obtained in HelLa cellBigure 3-3).
Redistribution of coilinand SMN also occurretbllowing Ad5-infection of primary human
keratinocytes Kigure 330). This indicated that the observed effects on CB proteins following
Ad5 infection of cancer cell lines are also applicable to Ad5 infection of primary cells.

Finally, the redistribution foCB proteins has previously only been assessed in cells infected
with the species C Ads 2 and Bgbeloet al, 1996 Rodrigueset al, 1996 Jameset al, 2010.

In this study, the redistribution of the CB proteins coilin and SMN was asséss@ving
infection with the Species A virus Ad12 and the Species B virus 8diin wasredistributed

into microfoci following infection with both Ad3 and Ad1Although SMN was redistributed

into the nucleoplasm following infection witthd3 and Ad12 the nuclear rod-shaped
accumulations of SMN observed during Ad5 infection were not evident during infection with
Ad3 or Ad12.Furthermore, Adlanfection resulted inncreased cytoplasmic SMN staining.
However, only one time point pestfection was obserd (24 h.p.i) and it is possible that the
kinetics of infection with these viruses may differ to that of Ad5. Therefore it is possible that the
appearance of the nuclgaeripheral SMN structures may occur at a different time -post
infection and so may havgeen missed in this study. Further work will be reggiito confirm

this. Either waythese data indicadehat the redistribution o€Bs isa conserved event during

Ad infection suggestinghat CB disassembly is an important process during the Ad dilecy

Interestingly, other viruses have also been shown to redistribute coilin from CBs into microfoci,
including GRYV, Influenza B virus (IBV) and HCMV (Kiret al., 2007, Canettat al., 2008,
Salsmanet al., 2008). However, the impact of infection with these viruses upon SMN
distribution has not been established. It would be interesting to establish whether SMN is also
redistributed into the nucleoplasm following infection with these virudesiould also be

tempting to identify the impact of virus infection on less weblaracterised nuclear
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substructures such as nSBs and cleavage bodies. As cleavage bodies have been shown to have a
close association with CBsS¢hul et al, 1996 Schul et al, 1999h Li et al, 2006b,

establishing the impact of Ad infection on the cleavage body is particularly appealing.

In corclusion, thenovel data from this investigation showethat during Ad5 infection,
WRAPS53 was edistributel from CBs into microfocialongside coilin whilstSMN was
redistributed to anovel nuclear domain. The redistributionfdoth coilin and SMNoccured

during the intermediate/late phase of infection. Coilin microthd not co-localise with other
well-characterised nuclear substructures or marker proteins. gaitilly colocalisedwith
regions of splicing and virus assembly. Theisetbution of CBs wa conserved across Ad
species A, B and C. Further work is now required to characterise the functions of SMN and the
CB proteins redistributed to rosettes (coilin, WRAP53 and fibrillarin) during Ad infection.
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Chapter 47 Characterising the role of coilinduring Ad5 infection
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4.1 Introduction

In Chapter 3, the Adthduced rearrangement of the CB factors cailin, fibrillarin, WRAP53,
snRNPs and SMN was characterised. It was found that cbbnilarin and WRAP53 were
redistributed into nuclear mi crofoci (6rose
infection. This indicated that these CB proteins may play important roles during the late phase

of Ad infection. Moreover, previous dasaiggested a potential role for coilin in Ad late phase
protein expressionJameset al, 201Q. However, the mechanism by which coilin regulates Ad

late protein expression is currently unknown. This chapter will focus on defining the role of

coilin during Ad5 infection.

An effective, frequently used method of studying the role of a protein artecydar cellular
process is to deplete the protein from the cell by treatment with small inhibitory RNA (siRNA).
These RNAs are complementary in sequence to the target mRNA and have a distinct structure
of doublestranded 223bp RNA with two nucleotide r ot r us i o n sElbashiretalh e 3 Nj
200]). When transfected into the cell, they associate in an-d@dgendent mechanism with a

large multimeric complex known as the RNWduced silencing complex (RISC) which
functions to guide the siRNA to its complementary RNA target sequdigeaiienet al,

2001). The doublestranded molecule unwinds, the reverse complementary strand remains
associated with the RISC and degradation hef target mRNA is stimulated by exand
endonucleaseMartinezet al, 2002. In this Chapter, depletion of cellular coilin was achieved

by siRNA treatment and the impact on Ad virus titre, Ad protein levels and Ad mRNA levels

was determined.

4.2 Analysis of coilin depletion using siRNA

The most appropriate time point after sSIRNA transfecat which to infect the cells with Ad5

was established. Transfection with coilin siRNA (siCoilin) or scrambled control siRNA
(siControl) (Table 2) was performed in A549 cells (Chap®®.5.) and cells were incubated

for 24 hours or 48 hours. By 48 h.p.i, the cells had reachdd@® confluency; a further time

point of 72 hours was not taken as the cells would have beewavitunent by thigzime and the
viability of the cells may have been compromised as a result. Protein in whole cell lysates was
separated by SDBAGE and analysed by Western blotting (Chapt2r?).

As shown inFigure 4-1A, at 24 hours postiRNA transfection the level of coilin protein in
siCoailin-treated celldad decreased to around¥6@f the level in siContretreated cells. By 48
hours postransfection, coilin levels in siCoilitreated cells had further decreasedatound
40% of the level in siContretreated cells. From these data, it was decided tl&tiAfection

would be carried out at 24 hours pasinsfection, whereby a sufficient proportion of coilin
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Figure 4-1. The depletion of coilin in A549 cells following SiRNA treatment.

A. Caoilin levels at 2 and 48&hours possiRNA transfection Cells were treated with siControl or siCoilin

and incubated for 24 or 48 hours. Whole cell lysates were prepared and equal masses of protein (20 ug)
from each sample were separated by $IX&E and analysed By/esternblotting. Bound antibody was
detected using the ECL system and images were captured using a LAS 3000 Imager. Signal intensities
from Western blots were calculated by densitometric analysis and were normalised to the signal intensity
of the loading controlGAPDH. Results are displayed relative to the siContreated mockinfected

sample, which was set to a value of. MVestern blots of @ilin levels. Compared with siContretreated

cells, coilin levels in siCoilintreated cells were reducet 24 hours posttransfection,with further
reduction at 48 hoursi. Densitonetric analysis of coilinevels. Compared with siContrefreated cells,

coilin levels in siCollintreated cells were decreased 24 and 48 hours pestansfection by
approximately 40%and @®%, respectively.B. Coilin levels at 48 hours pesiRNA transfection
following Ad5 infection at 24 hours pestRNA transfection.Cells were treated with si@drol or

siCoilin andincubated for 24 hours. Cells were mock or Ad5 infected at an M@ BFU/cell and
incubated for 24 hours. Whole cell lysates were prepared and protein was analysed as describied above.
Western blot®f coilin levels. Compared with siContrtileated cells, coilin levels were reduced in cells
treated with siCoilin. @ilin levels were reducedo a similar extent irsiCoilin-treated,mockinfected
cellsandin siCoilin-treated Ad5-infected cellsii. Densitometric analysis of coilin level€ompared with
siControttreated, mochknfected cellscoilin levelswere reducedh siCoilin-treated,mock-infectedcells

and siCoilin-treated Ad5-infected cells by 53% areb%, respectively.
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would be depleted from cells (around &#0ecrease) and cells would be harvested at 48 hours
posttransfection (24 h.p.i), when coilin levels hddcreased by around %0compared to

siControtreated cells.

The impact of Ad5 infection on the efficiency of coilin depletion was also assessed. Ad VA
RNAs have previously been shown to inhibit RNA silencing during the late phase of Ad
infection by abrgating the functions of the RISC complex and Dicer, a endoribonuclease
enzyme responsible for cleavage of dotdilanded RNA (dsRNA) and prmaiRNA into
siRNA (Anderssonret al, 2005. Therefore it was possible that Ad infection might affect the
efficiency of coilin depletion by siRNA treatment. To investigate this possibility, siRNA
transfection was performed in A549 cells using siControl or siCoilin (Chapgeb.) and
incubated for 24 hours. Cells were mock or Ad5 infected (Ch&p2e8.]) and incubated for a
further 24 hours. Whole cell lysates were prepared, protein was separated {BASESand
analysed by Western blotting (Chap2e2.2).

As shown by the representative Western blotEigure 4-1B, siCoilin treatment appeared to
reduce protein levels afoilin by a similar factor in both moeland Ad5infected cells. This
observation was confirmed by densitometric analysis of the protein band intensities; in
comparison to siContrdteated, mock infection, siCoilin treatment reduced coilin levels in
mock and Ad5infected cells to 4% and 484, respectively Figure 4-1B). There was no
significant difference in the level of coilin depletion achieved db#fected cells compared to
mockinfected cells. This indicates that Ad5 infection at 24 hours-fpassfection does not

alter the level of coilin depletion by 48 hours ptransfection.

4.3 Impact of coilin depletion on cell growth/Aiability using the MT T assay
Previously published data reported a significant reduction in proliferation in -deifiteted
HelLa cells, although cells still appeared to be viab&ar(met al, 200§. To assess the impact

of coilin depletion on the viability and proliferation of A549 cells, the MTT assay was used as
described in Chapte2.2.9. The sensitivity of the MTT assay was assessed; serial dilution of
A549 cells results in a linear, dilutiatependent decrease in the concentration of formazan
detected Appendix Figure 7). This indicated that the degree of change in formazan

concentration directly correlates with the degree of change in the number/viability of the cells.

As analysis on a plate reader requires the experiment to bedcawkién 96well plates, where
the wells are very small, it was more practical to perform the siRNA transfection in parallel with
cel |l plating (6reverse si RNA transfectiono)
on a small surface area (contienal siRNA transfection). In order to determine whether coilin
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Figure 4-2. The impact of coilin depletion on the cell growth and/or viability of A549 cells.

A.6Rever sebd si RINAAAMDS infectiosof AS4%tcells.m@ | | s wer e subf ected
siRNA transfection using siControl or siCoilend incubated fo24 hous. Cells were mock or Ad5
infected at an MOI of 5 FFU/cedind incubated fo24 tours.Whole cell lysates were prepared and equal
masses of protein from each sample (20 pg) were separated b¥/SBE and analysed by Western
blotting. Bound antibody was detected using the ECL system and images were captured using a Las 3000
Imager. Signal intensities from Western blotting were quadtiby densitometric analysis and were
normalised to the signal intensity of the loading control, GAPDH. Results are displayed as the mean fold
change in protein level (+ SEM) from three independent experiments. Results are displayed relative to the
siContol-treated, mochknfected samplewhich was set to a value of 1. Compared with siCositedted

cells, coilin levels were decreased to a similar extent in siGo#isted mockinfected cells and siCoilin

treated, Ad5-infected cells. Quantification of odin levels by densitometric analysis showed that
compared withsiControttreated, mock-infected cells coilin levels in siCoilintreated, mocknfected

cells and siCoilirtreated, Ad5 infected cells were reduced by 57% and 58%, respectilely.non

specific crossreacting protein species. B. MTT assay of A549 cells following coilin depletiohAdS5

infection Results are displayed as the mean fold change in absorbance at 570 nm (+x SEM) from three
independent experiments. Data is displayed relativieesiControftreated, mockinfected sample, which

was set to a value of IStatistics were calculated using the pairedatnple itest. There was no
significant change in absorbance at 570 nm in siGtiéiated cells compared with siControl treated cells
indicating that siCoilin treatment does not affect the cell viability.
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had been depleted to a similar l evel foll ow
conventional si RNA transfecti on, O0reveinse si
6-well plates (ChapteR.2.5.9. Following a 24 hour incubation, cells were mock or Ad5
infected (ChapteR.2.6.). At 24 h.p.i, whole cell lysates were prepared, protein was separated

by SDSPAGE and analysed by Western blotting (Chagt@r?. As shown inFigure 4-2Ai,

0r ever s dréatmerit résulted im andecreaseailin protein levels compared to siControl

treated cells. This decrease was calculated from densitometric anklgsise @-2Bii) as 5?6

and 5846 for mock and Ad5infected cells, respectively. This is very similar to the depletion of
coilin achieved following the conventional siRNA transfection procedure (reductions of 53 and
55% respectively;Figure 4-1B). This indicates that the efficiency of depletion achieved is
similar between these two methods.

Once t he Oreverse si RNA transfectiond proc
t r ansf e qerformad @n AB40 <ells in 96ell plates (Chapte?.2.5.9. Following a 24

hour incubation, cells were mock or Ad5 infected (Chagt@r6.). At 24 h.p.i, cells were
harvested and analysed by the MTT assay (Cha®8. As shown inFigure 4-2Bii, the
absorbance at 570 nm was not significantly altered compared to siControl tneat&dnfected

cells. This suggested that depletion of coilin to arourfib 40 siControttreated cells did not

affect either cell proliferation or viability.

4.4 The impact of coilin depletion on the cellular levels of other CB proteins
Coilin has been showo interact with multiple protein partners including SMN, WRAP53 and

S mB N;j, a component Helbertet d,e2005 Makimoadbetmgd, 12@18. It (s
possible that depletion of coilin maalter the levels of coilkinteracting proteins or proteins
associated with the CB. If this is the case, any impact of coilin depletion on Ad5 infection could
be indirectly due to alteration to the levels of a cedlgsociated protein, rather than being
direct result of reduced coilin levels. To assess this possibility, the level ofiotdiacting or
associated CB proteins (coilin, SMN, WRAP53, Sm and fibrillarin) following siRNA treatment
(Chapter2.2.5.2 and mock or Ad5 infection (Chapt2r2.6.) was assayed by SEFFAGE and
Westerrblotting (ChapteR.2.2.

As shown by the Western blots iRigure 4-3A, depletion of coilin did not appear to
significantly alter the levels of SMN, WRAP53, Sm or fibrillarin. This was confirmed by
densitometric analysis of protein levelsidure 4-3B). This indicated that coilin depletion did

not significantly alter the cellular protein levels of SMN, WRAPS53, fibrillarin or Sm.
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Figure 4-3. Western blotanalysis of CB protein levels following coilin depletion and Ad5 infection.

A549 cells were treated with siControl or siCoilin and incubated for 24 hours. Cells were mock or Ad5
infected at an MOI of 5 FFU/cedind incubated fo24 hours. Whole cell lysates were prepared and equal
masses of protein from each sample (20 pg) were separated bPSBE and analysed by Western
blotting. Bound antibody was detected using the ECL system and images were captured using a LAS
3000 imagingsystemSignal intensities were calculated by densitometric analysis and were normalised to
the signal intensity of the internal loading control, GAPDM. Representate western blots of CB
proteins. Compared with siContrekeated cellslevels of coilinwere reduced irsiCoilin-treaed cells

whilst levels d SMN, WRAPS53, fibrillarin andSmwere not affected\N/ST nonspecific crosseacting
protein species. B. Densitometric analyses of signal intensities from Western blggsgts are the
mean foldchange in protein level (+ SEM) from three independent experimgisfayedrelative to the
siControttreated, mochknfected sample, which was set to a value of 1. Comparedsi@antrottreaed

cells coilin levelswere significantly reduceth siCoilin-treaed cellswhilst levels of SMN, WRAP53,

fibrillarin and Smwere not affectedBlack bars = siContreireatment. Grey bars = siCoilineatment.
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Figure 4-4. Flow cytometric analysis of CB proteins folbwing coilin depletion and Ad5 infection

A549 cells were transfected with siControl or siCoilin and incubated for 24 hours. Cells were mock or
Ad5 infected and incubated for a further 24 hours. Cells were harvested and subjected to flow cytometric
analyss. Results show the mean fold change in protein level (+ SEM) from at least three independent
experiments performed in duplicate. Data is shown as relative to the siGoedteld, moclnfected
sample, which was set to a value ofBtiatistics were caldated using a paired-dample #test.Compared

with siControttreated cells, levels of coilin were significantliecreasedn siCoilin-treaed mock
infected cells and siCoilitreated, AdS&nfected cells Levels of SMN, Sm and fibrillarin were not
significantly affected by siCoilin treatmenBlack bars = siContrelreated cells. Grey bars = siCo#lin

treated cells. *p<0.05.
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To support the Western blotting data, it was also decided to analyse the levels of CB proteins
following coilin depletion byflow cytometry (ChapteR.2.§. WRAP53 levels were not assayed
by this method due to the strong pgpecific cross reaction of the WRAP53 antibadih an
unidentified 100 kDa protein (Figure13d; flow cytometric analysis of WRAP53 levels using
this antibody could be compromised by variations in the level of thisspedcific protein.
Cellular levels of coilin, SMN, fibrillarin and Sm were assaysdflow cytometry (Chapter
2.2.8. As shown inFigure 4-4, flow cytometric analysis revealed there was no significant
difference in expression levels of any of the CB proteins following siCodsmtment as
compared to siContrdfteated cells. This confirmed the Western blotting data that coilin
depletion did not alter the levels of coHinteracting proteins or associated CB proteins. Coilin
depletion in the siCoiliftreated cells, although significant, appeared negligible by this method.
However, from Western blotting analysis it was appareattttiis antibody crosseacted with a
nonspecific protein of around 65 kD#&ifure 4-3A), therefore the overall reduction in coilin
levels will appeamminimal by flow cytometric analysis due to nepecific binding of the
antibody to the unidentified 65 kDa protein.

4.5 Impact of coilin depletion on the subcellular distribution d CB proteins

Cailin is required for CB integrity and recruitment of proteingtie CB Tuckeret al, 2001
Mahmoudiet al, 2010. Therefore it is possible that coilin depletion may alter the subcellular
distribution of CB proteins. This could have a potential impact on Ad infection in an indirect
manner by causg the redistribution of other CB proteins within the cell. To identify whether
coilin depletion disrupted the subcellular distribution of WRAP53 or SMN, siRNA transfection
was performed using siControl or siCoilin (Chae2.5.) followed by mock or Ad5 infection
(Chapter2.2.6.). Cells wee then subjected to indirect immunofluorescence procedure (Chapter
2.2.7) using an antBMN or an antWRAP53 antibody alongside astdilin antibodes. A goat
anti-Ad capsid antibody was used to identify Aidected cells.

As shown inFigure 4-5, siControitreated, mocknfected cells exhibiga punctate distribution

of coilin in CBs (image b, arrow) and SMiMas also located in CBs (image c, arrptiese
proteins colocalised in CBs as shown by the yellow regions in the overlay (image g, arrow).
Ad5 infection of siContretreated cells resulted in the redistribution agfilin into rosettes
(image f, arrow) andSMN into the nucleoplasnimage g, arroy as previously described
(Chapter3.3). As shown in the overlagimage r) coilin microfoci (white arrow)did not ce
localisewith areas of SMNtaining plue arrow). These datndicated that siControl treatment

did not disruptCB structure or affect the redistribution of coilin or SMN following Ad5

infection.
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