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Abstract

DDX3 is an RNA helicase thas been shownat havea range of nuclear and cytoplasmic
functions, including transcription, translation, splicing and mRNA expbBX3 has also
been shown to play a role in innate immune signalling and tumorigeri@BiX3 is targeted

by multiple viruses: HIV, HCV , HBWJ Vaccinia Virus have all been shown to interact with
55. 0T SAGKSN) dzaAy3d 55-0 (2 NBLEAOFGS.2N AyK
Human DDX3 was reported to be exportédm the nucleusindependently of its N
terminal NES and to interacith CRM1 through DDX3'SGterminal region. It was
suggested that DDX3 acts as a GRébfactor, rather thartargo, and that imediates Rv-
dependent export of HIV RNAscdnfirmed that DDX3 exports in a CRMdependent
mamer, and DDX3's-irminusisrequired for nuclear export.

We have also investigated the nuclear import of DDX3. Putative NLS were found using
bioinformatic software, and tested for functionaliby mutating key basic residues. We also
used a range of nuclear import inhibitors toamine how DDX3 is imported into the
nucleus. We found that theDDX3's twoRecA like domainscould be imported
independently, and also that DDX3 importelependently of Importirb and Calmodulin.

We were also interested as twwhether DDX3'scellular locéisation was regulatedluring

viral infection, ellular stressand during the cell cyclaVe investigated theelationship of

DDX3 with HIXAnd HCYV viral proteins, and found that both HIV and HCV targetethdar
localisation of DDX3Ve found thatDDX3directly interacts with HARev protein, and also

that HI\Rev recruits DDX3 to the nucleolus. We also found that HCV Core protein recruited
DDX3 to cytoplasmic speckles, and prevented the nucleocytoplasmic shuttling of DDX3. We
found DDX3 to be recruitedo Stress Granules after cellular stress. DDX3's cellular

localisation and expression levels were also found to change throughout the cell cycle.

Vi
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Chapter 1 : Introduction

The human cell ia complex structure compged of subcellular compartments
that have specialiseeénvironments and functionsthe nucleus and cytoplasm are
the two major compartments of the cell, segregatingDNA replication and
transcription tothe nucleusand protein synthesis to the cytoplasnThe nuclas
and cytoplasmare separatedy thenuclear ewelope,a double lipid biayer, which
separates genetic material in the nucleus from the cytoplasm. The nuclear envelope
is embedded with Nuclear Por€omplexs (NPC)which allow the controlled
transport of moleculesbetween the nucleus and the cytoplasnMany cellular
proteins havedistinct functions within thecytoplasm or the nucleus, consequently
regulation of a proteifs nuclear transportan also regulat@rotein function. The
NPCplays an integral rolein controlling both gene expresion and cell aye
regulation(Ahmed & Brickner 2007; Hetz& Wente 2009)

In this study, Investigatedthe cellular localisation of theumanDEABbox RNA
helicase DDX3nd the regulation of its nuclear import and expdgince DDX3 has
been shown to influencevarious cellular processes in both the nucleusdathe
cytoplasmwe hypothesieed that its cellular localisations likely tobe regulatedand
would influence its participation in its different cellular functiol®X3 has been
implicated inall aspects othe RNA life cycleparticipating in the nucleaevents
(transcription splieng and mRNA exportas well as the cytoplasmic events
(translation and ribosome biogenesi@hang & Tarn 2009Hence, it wouldbe

expected that DDX3 localisation changes in response to cellular requirements.



Importantly, DDX3 hadeen reported to regulate transcriptioand translation
of proteins involvedn control of thecell cycle, with DDX3 beimgplicatedas both
a tumour suppressor and oncoger{f€hao et al. 2006; Botlagunta et al. 2008)
Interestingly,DDX3 localisation has besnggestedo be modified during cancer,
switchingfrom apredominanty nuclear localisationin healthy epidermal cell® a
cytoplasmic locadiation in transformed epidermatells (Chao et al. 2006)A
number of oncogenes and tumour suppressors halgo been shown to be
mislocalised in cancer cellas a consequence oaficorrect nuclearcytoplasmic
transport (Kau et al. 2004)

DDX3has also been shown to ba critical component Dinnate immune
signalling, being implicated in both cytoplasmic and nuclear signalling events
(Schroder 2011)DDX3 is targeted by a range of viruses that pose major global
health threats, namely Human Immunodefiency Vi(b$V)(Yedavalli et al. 2004)
Hepatitis C Wus (HCV]jLee et al. 2008; Owsianka & Patel 1999; Oshiumi, Ikeda, et
al. 2010) Hepatitis B virus (HB(Wang, Kim, et al. 2009; Chang et al. 2006)
poxviruses (Schroder et al. 2008)Norovirus(Vashist et al. 2012and WestNile
virus (Geissler et al. 2012y arious viruses have been linkedan increased risk of
tumorigenesigCarrilleInfante etal. 2007) for example HC\$ the major causative
agent of Hepatocellular Carcinoma (HC@®e Oliveria Andrade et al. 200%ince
DDX3 is target for various viruses, and hassobeen implicated irtumorigenesis
(Schroder 2010)we speculatedhat DDX3localisationcould bealtered by viruses

to impede DDX3 many cellular functions.



1.1.An Introduction to Nuclear Transport

The nuclear envelope (NE) separates the nucleus from the cytoplasm
eukaryotic cellsand is comprised of twdipid membranes; the inner nuclear
membrane and the outer nuclear membrane. Separation of transcription and
translation via the nuclear membranerovides eukaryotes with the power to
control gene expression; but also necessitates the ability to selectively wansp
proteins between the cytoplasmic and nuclear compartmefftahrenkrog & Aebi
2003) The nuclear transport of proteins is often regulated, with pwanhslatonal
modifications playing an important role in this process. Ruomtslational
modification such as phosphorylation, sumoylation, ubiquitination can regulate the
nuclear transport of proteins, and ensure the correct functions of proteins
(Rothenbusch et al. 2012; Nardozzi et al. 2010; Geetha et al..2005)

The transport of molecules greater than approximately 40kDa across the
nuclear envelope occurs tiigh the nuclear pore complexes (NPCs), which are
imbedded in the inner and the outer nuclear membraf@hrenkrog & Aebi 2003)
(Figurel.1l). TheNPCis comprised of stationary nucleoporins and soluble transport
factors which can shuttle between the nuclear and cytoplasmic compartments. The
NPC structure consists of two main functional regions: the central domain
embedded m the nuclear envelope and the peripheral structures, which extend into
the nuclear interior and the cytoplasm. The NPBE€htral domainconsists of an
eightfold symmetrical cylindrical assembly, which encases the main nuclear
transport channelwhich is lied with PheGly nucleoporinsand functions as a
molecular sieveo regulate the bidirectional transport of macromolecules and small

metabolites(Figurel.l).



Karyopherins are nuclear transpofactors that bind to proteins containing
specific sequences and transport these proteitisough the NPGFried & Kutay
2003) Karyopherins can be divided into two groupased on their function,
Importins import proteins containindNuclear Localisation Sequences (NasJj

Exportins export proteins containing Nuclear Export Sequenceg.(NES
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Figurel.l: Architecture of nuclear membranand NPC complex structure

A: The nuclear envelope separates the nucleus from the cytoplasm in eukaryotic cells. It consists of
an inner and outer membrane, which is embedded with Nuclear Pore Complexes B\P&bh

nuclear pore complex (NPC) is a cylindrical structure comprisedluf okes surrounding the

central region that connects the nucleus and cytoplasm. The outer and inner nuclear membranes of
the nuclear envelope join to form a ring in which the NPC sits. The NPC is anchored to the nuclear
envelope by a nuclear pore ringriscture that connects to the core scaffold and comprises inner ring
and outer ring elements. NP&3sociated peripheral structures consist of cytoplasmic filaments, the
nuclear basket and a terminal ring. Adapted fr¢&trambieDe-Castillia et al. 2010)



1.1.2.Nuclear import

1.1.2.1.Ran dependent miclearimport

1.12.11. Importin alpha
Thelmportin-" family recognigsclassical nucledocalisdion sequencs (CNLS).

These cNLS consist of either one or two stretches of basic amino acids.
Monopartite cNLSs are illustrated by the SV40 large T antigen KEKKKRRY)

and the bipartite cNLSs are illustrated by the nucleoplasmin NLS
(P KRPAATKKAGEKKK®. The monopartite motif is typically a cluster of basic
residues preceded by a helxeaking residue; whereas the bipartite motif consists
of two clusters of basic residg separated by -92 amino acids.The search
algorithm PSORT Il can be used to detect cNLS tlienamino acid sequence of
proteins(Gardy et al. 2005)

Importin-h family members contaira flexible Nterminal importinb binding
(IBB) domain, which is required for both binding to impotiiand dissociation of
the cargo compleXGorlich et al. 1995; Fanara et al. 2000he @erminus is a
highly structured dmain containing terArmadillorepeats which interact with the
cNLS containg cargo and also the expdictor Cellular Apoptosis Susceptibility
protein (CA$ (Conti et al. 1998; Cingolani et al. 199%here have been six
importin-h~ family members identified, which can be @it into three
phylogeneticallydistinct groups the h-1s, theh-2s and theh-3s (Goldfarb et al.
2004)

The cNLS pathway was the first nuclear import pathway characterised, however
it is not necessarily the pathway most prevalently usgénge et al. 2007)

Examples of proteins whiclare imported via importina include B3, which



interacts with importina via two bipartite NLS (Liang 1999)and Cap Binding
Protein 80 (CBP 80) whichteénacts withimportin-a via its Nterminal NLSDias et

al. 2009) It is important to note that someroteinsare transported via importinh
independently ofan cNLSthat matches the consensus sequendeor example,
Signal Trasducersand Activator of Transcription 1 (STAT 1) does not contain a cNLS
that can be defined using cNLS search algorithmgjever upon dimerizatioeach
subunit contributes basic residuakat form a cNLS recoged by importinh
(Fagerlund et al. 2002)

During nuclear importimportind ~ F2 NY & | Gpoftindt Snd itsg A (1 K
cargo in the presence of a high concentration of Ran/GDP. This complex is then
transported through the nuclear pore to the nucleus, where a high concentration of
Ran/GTP is presenEinally the complex disassodes & the nuclear side of the
pore, with Ran/GTP bindingo importind = RA & LJ I & A yIIeRdanghJ2 NI A Y
protein. As a result, the cargwotein is released within the nucleus. The Ran/GTP
importini O2YLX SE Aa (KSy SELRNIQRI GIRis(GiKS ¢
hydrolyzed to GDP, releasing importin 12 LI NGAOALI GS Ay | y2i
import. Importin-h - A& NBOe Of SR G2 GKS Oedz2LXlay oe

complex with RanGTStewart 2007)Figure 1.2).
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1.1.2.1.2. Importin -Beta
As stated aboveimportinh  YSRA I (i S &NLS Yonigiidg pré@ems i0

conjunction with importinik T K2 6 S@SNJ R ¥ 2JF 8Jiixpbry nonk f & 2
classical NL®ontaining proteins. Nonrclassical NLS proteins are imported by
importin- gAGK2dz0 A Ga&ah ¥ RR 3depeddent ki argpes
that directly bind to importid A Yy Of dzZRS (NI y & ONA LGhanzy FI O
al. 1998) retroviral proteins such as HIV Revand Tat(Truant & Cullen 1999)
ribosomal protins and various other&€ingolani et al. 2002)

Importin family members havea modular structure consisting of 19 HEAT
repeats, with each HEAT repeat made up of two helixes connected by a loop. The A
helixes are located on the outside of the protein forming a convex face; whereas
the B helixes form @oncave face insidéCingolani et al. 1999NPC binding sites
are found on the convex fac@Bayliss et al. 2000Wwhereas the importift L.
binding domainand RanGTP binding sites are located in thier@inal (HEAT +19)
and Nterminal (HEAT 410) regions of the concave fa¢€ingolani et al. 1999;
Vetter et al. 1999) There are 11 importi#h family members in the human
proteome (Pemberton & Paschal 2005)

The requirements for nowlasscal NLS proteins to be recogaisby importini
are undefined and the recogmid sequences are diverse; containing either three
dimensional epitopesor linear epitopes It would seem that there are multiple
cargobinding sites within importia , for example the norclassical NLS containing
protein parathyroid hormone related protein (PTHrB)nds to importini in a

region distinct from thesite to which theimportin-h L . . Hn#sydingolani et



al. 2002) and sterol regulatory elemergbinding protein 2(SREPB2) binds {et
another distinct regiorfaa343-403) (Lee et al. 2003)
1.1.2.1.3Transportins

Transportins (also known as K&) are members of the Karyopherin protein
family. Transportins have been shown to import protimvolved in mRNA
processing, recognising a distinct seqce known as the PNLS (also known as
M9O-NLS)(Lee et al.2006) More than 20mRNA processing proteins have been
reported asbeing importedvia transportin(Lee et al. 2006)Transportin was first
identified as a nuclear import factor foine splicing factohnRNP Al @tein, which
contains @8 amino acid signaéferred to as theM9-NLYFridell et al. 1997)

P¥NLS are often found within structurally disedered regions of preeins, and
can be divided into two subclasses: hydrophobic and basibllEY (hPXKILS or
bPYNLS). AYLSs havean overall positive charge and contairither a loose
hydrophobic (hP¥LS) or basic motif (bPNLS) at the Nerminus, alongside a
R/K/HX5) -P-Y motif at the Gterminus(Lee et al. 2006 bioinformatic search for
P¥NLS inhuman SwissPROT database found 81 candidate transportin substrates,

of which 61% were involved in transcription or RNA procegsieg et al. 2006)
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1.1.2.2.RANindependent nuclear import

1.1.2.2.1.Calmodulir/calcium - dependent import
Ranindependentnuclear importpathways have been describgout are poorly

understood. Calmodulin(CALcium MODulated proteIN) is a calcium binding
messenger protein expressed in all eukaryotic cells, which has been reported to
have a role in Raimdependent nuclear import. Calmodulin has been shown to be
imported to the nucleus in the absence of cytbsdactors or an AFRegeneration
system, with import being sensitive tthe calmodulin antagonist peptide M13,
which blocks Calmodulin binding to target proteifisao et al. 1999)Calmodulin

acts as a transducer of intracellular €asignas, and can regulateéhe nuclear
transport of Calmodulinbinding proteins in its Gabound state, egp21'a/ert
(Taulés et al. 1999)and Cdk4 and Cyclin Dlaulés et al. 1998)t must be noted,

that the inhibitory effect of @modulin on the nuclear import gp21"a%/cP?

was
shown to be caused bya@nodulin preventing phgshorylation of p21¥/cP1 at
Ser153 a residue found withitthe p21"3™"/°P! classical NL&RodrigueVilarrupla et
al. 2005)

The Calmodulin pathwaig suggested to be apvolutionarily ancienpathway,
with Galmodulin shown tamport a range of evolutionary conserved architectural
transaiption factors(Hanover et al. 2009; Hanover et al. 2000r exampleHMG
(high-mobility group) norhistone chromosomal proteineave been shown tde
imported via the @modulin pathway(Hanover et al. 2009; Kaur et aDID) The
HMGbox d SOXSRY (sedetermining region on ta Y chromosomelelated HMG

box))family members, which plakey rolesin developmentis highly conserveand

displaysstrikinghomology within the CalmodulkhLS(Kaur et al. 2010Defects in

11



nuclear import ofHMGbox of SOX arassociated wittsex reversal diseasds$.was
proposed that release of intracellular calcium stores during cellaletivation
induces the @modulin/Ca2+mport pathway,and inhibitsGTRPdependent nuclear
transport (Sweitzer & Hanover 1996)The @lmodulin import sysem could
represent another meanso facilitate the import of proteins into tle nucleus in

response to different cellularequirements.

1.1.3. NuclearExport

1.1.3.1. Ran dependent nuclear export
Exportinsare required for the nuclear export of proteins. Most exportins, such

as CAS (cellular apoptosis susceptibility), Exportin T or Exposeesito have a
restricted number of cargoe@-ried & Kutay 2003however CRM. (Chomosome
region maintenance 1, also call&xkportin 1 or XPQlas a broad range of cargos.

Tablel.1 gives an overviewf manmalian exportins and their cargoes

Exportin Export Cargo

CRM1 Proteins containing NES, snurportin

CAS Importin-n

Expt tRNAs

EXP4 elF5A

Exp5 PremiRNAs,tRNAs,minihelix RNAs,eEF1A,
Exp7 p50RhoGAP,18-3 sigma

Imp13b elF1A

Tablel.1: Mammalian Exportins and their cargs.
Adapted from Kutay and Guttieg2005

CRML1 is the most important nuclear export receptor for proteins. It interacts
with proteins containing @onservedhuclear export sequence (NEBhe NES of the
HIV Rev proteinhas helped define CRM function (Askjaer 1998) The NES
recognied by CRM. is defined as a short amino acid sequence comprised of evenly

spaced hydrophobic residues; with leucine usually being most aburfdan€our et

al. 2004) LeucineNA OK b 9{ & dzadz £ € & F2 N &Sk 02y aS)
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6. T[ZLZ+3CZaT E lyeé FYAy2 FFOAROT 6KSN
negatively charged, polar or smdlla Cour et al. 2004)Recently it has been
suggested that NESs can be split further into two typescRiss NESs and Reass
NESs with different consensus sequen(@gttler et al. 201D The PKtlass of
NESs contain five hydrophobic residues, whereas-liRevNESs contain four

hydrophobicresiduegFigurel.3).

PKI-like NES Rev-like NES
Preferred Amino acids

X

- I=V=M>L>A=Y>E=W>P -
X .

- L>1>V=M>F>A>W B
X X

- F=M>L>I=V>Y>W -

- L=M>I>V>F>W=A -

X X
- L>I>M>V>F -

Figurel.3: Redefinition of NE®onsensus sequence into Rkke NES and Relike NES.
v A& 1S®& KERNRBLK2O0AO NBAARMZSS gAGK LINBTEMNBY GAFE |
et al. 2010)

Binding of NE8ontaining proteins to CRM is controlledby RaGGTR which
predomnantly locali®s to the nucleus. CRM binding to the NES is usually weak;
this is to facilitate disassembly of the export complex in the cytoplasm.-CRM
contans 19 HEAT repeatd)d RanGTP interaction has been suggested toroat
an acidic loop withirHEATrepeat 8; and this seems to medidf@ the cooperative
binding of the NES carg@blutten & Kehlenbach 200.7)

When NESs with strong afity to CRM1 were created, thse
GadzLNF LIKe aA2t 23401 f éinmaRapGTR idegehdentaindrR ¢ A G K
These NE8ontaining proteins localesl at the cytoplasmic iments of the NPC,

13



suggesting that the efficient release of export complexes from the NPC was
impaired(Kutay & Guttinger 2005)

CRM1 can bind NESs that vary in both length and sequence at a single binding
cleft. Guttler et al. showed that NESs bind to a hydrophobic cleft in CR#tfive
specific hydrophobic pockets regardless of sequence differences; with no single
hydrophobic residue essential for either CRMinding or NES functigi@ttler et
al. 2010) Ths hydrophobic cleft has a defined conformation which does not adapt
to different NESs. NHiBe sequence patterns can be found frequently in proteins;
however to be functional they must occur within the Nr Gtermini or within
unstructured regions of th protein.

The exact mechanism of nuclear export through GRMunclear During the
formation of the export complex, RanGTP binds to €RMth the NESontaining
export cargo. As stated earlier, the binding of CRNb NE&ontaining cargo is
weak; RaBP3 is thought to promote the formation of export complexes by linking
CRM1 to Regulator of Chromosomeo@densation 1(RCC1) and also by enhancing
the catalytic activity of RCGMNemergut et al. 2002RanBP3 binds to CRMat the
acidic loop, allowing able binding of both RanGTP and the MB&aining cargo
(Englmeier et al. 2001; Petosa et al. 200RanBP3 increases the active
concentration of RanGTP and promotes the lmgdof cargo to the CRII central
domain. RanBP3 contains FG repeats; and -CRMds to its F&epeat containing
region(Hutten & Kehlenbach 2007)

The exact mechanism of CRIMtranslocaion through the pore is unknown
(Figure 1.4). Directionality oftransport is imposed by the Ran gradient, which

favours assembly of export complexes and disassembly of import compieies

14



nucleus(Fried & Kutay 2003; Macara 2001; Pemberton & Paschal 2005; Tran &
Wente 2006) CRM1 has been shown to interact with cytoplasmic nucleoporins,
Nup358and Nup 214with these being seen as terminal docking sites of the export
complex (Hutten & Kehlenbach 2006; Bernad et al. 200RanBP1, Nup358,
RanGARHutten & Kehlenbach 2006; Engimeier et al. 19885 NXTXBlack et al.
2001)are required for disassembly of the export complex from its termiowadiing

site in the cytoplasmi-or disassembly, RanGTiRhe complex must be hydrolysed.
While RanGTP is interacting with the export complex; hydrolysis is inhibited.
However RanBP1 releases this inhibition and with the aid of RanGAP the export

complex can be disassembled.

15



Cytoplasm

Nucleus

Figurel.4: Nuclear export through the pore.
NES containing proteins interact with CRNh complex with RanBP3.
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1.1.3.1. Rarindependent nuclear export
In human cells the majority of mRNA export occurs indepenrgefitthe Ran

system and the karyopherin familgf proteins (Clowse et al. 2001) The Tip
associated protein (TAP), also known as NXdfH its cofactor Nxtl/pl5 are
responsible for the nuclear export of mosellular MRNAS(Izaurralde 2002)TAP
contains a PXILS an RNA binding (RNP) domain, and a leudcte repeat (LRR)
domainin its Nterminus(residues £372) (Truant 1999; Lee et al. 2006; Liker et al.
2000) During mRNA export, TAP interacts wille mRNPforming a heterodimer
with p15 and interacts with the FG repeats of nucleoporins itdaGterminus
(Fribourg et al. 2001)

TAP was originally found to interact withe Constitutive Transpb Element
(CTEDf viral RNA, giving viruses the ability to export their unspliced RNAs from the
nucleus(Kang & Cullen 1999; Braun et al. 1998)normal mRNA export, TAlhds
to anexport adaptormRNA complex, causing a transfer of the mRNA to TAP's RNA
binding domain. TAP binds to mRNA weakly in the absence of adaptor proteins,
however in the presence of a bound adaptor TAP h&dadd higher binding affinity
with mRNA(Hautbergue et al. 2008Following transport through the NPC, TAP
dissociates from adaptor protesrevertingto a low affinity RNAinding state, and
the DEAD box protein Dbp5 promotes the displacement of the mRNP from the NPC
(Tran et al. 2007; Lund & Guthrie 2005)
1.1.4.Regulation of Nuclear transport

Nuclear transport is involved in regulation ofitical processes suchsagene
regulation and cell cycle progression. Proteins that have distinct functions in the

nucleus and cytoplasm can be regulated by controlling their nuclear transport.
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Nuclear transport can be regulated through péstnslational modifications in
respon® to a variety of signals such as hormones, cytokines and growth factors,
cell cycle signals, immune challenge and st(@xon & Jans 2005Regulation of
nuclear import via phosphorylation is the most studied ptranslation
modification, with phosphorylation regulating import in various ways.
Phosphorylation of aminocds within a proteits NLS has been shown to increase
binding affinity to importins, with phosphorylation of $&rof Epstein Barr virus
Nuclear AntigeriL (EBNAL) increasing binding to importia5 and thus increasing
nuclear import(Kitamura et al. 2006Phosphorylation of proteins caalso cause
structural rearrangement, for examplSTAT1phosphorylation induceshomo-
dimerisation through aeciprocal SHphosphoTyr interactionwhich exposesn
NLS recognisable by imporab (Fagerlund eal. 2002; Balagopal & Parker 2009)
Phosphorylation othe HBVCoreantigen positions the NLS on the exterior of the
viral capsid, thus promoting nuclear impgKann et al. 1999; Rabe et al. 2003)

Ubiquitination and sumoylation can also regulate the nuclear import of
proteins. For example, biquitination has been shown to regulate nuclear import of
the tumour suppressoPhosphatase and tensin homoldBTEN (Trotman et al.
2007; Howitt et al. 2012)Sumoylation has been shown to regulate the nuclear
import of manydifferent proteins (Wilson & Rangasamy 2001; Pichler & Melchior
2002) including targeting RanGapl to the nuclear pore comglatunis et al.
1998)

Nuclear export of proteins caralso be regulatedby posttranslational
modifications. The interaction ofthe main mammalian exportiCRM1 with its

NEScontaining cargo can be regulated by phosphorylation; either positively or
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negatively. For example casein kinase Il dependent phosphorylation of
PPARgamma resulim accumulation in the cytosdalVon Knethen et al. 2010)
whereas phosphorylation ofEos inhibits nuclear expofBasaki et al. 2008ylono-
ubiquitinationis required for nuclearexportof hDCNL1L(Wu, Yan, et al. 2011)
Sumoylation has also been showmregulate nuclear export, with sumoylation of

TELbeingrequired forits nuclear expor{Wood et al. 2003)
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1.2.Introduction to DDX3

DDX3 is a member of the DERABX family of putative RNA helicases whigiere
first described in 1989Linder et al. 1989)and there are now over 500HADbox
proteins described irprotein databaseslt was first discovered in 1997 as of
five Xchromosomal genes that have homologues in the-necombining region of
the Y-Chromosome (DDX3Y)ahn & Page 1997Qll DEAEbox helicases contain
nine conserved halase motifs, includinghe AspGlucAlacAsp (BE-A-D) motif,
which is located withira structurally conservedore element forming two recAike
domains DEABbox helicases have been implicated in a wide variety of cellular
processes involving RNA, incluglirsplicing, mRNA export, transcriptional and
translational regulation, RNA decay and ribosome biogenéSchroder 2010)
Interestingly, DDX3 seems be critical for survival asnockout miceare notviable
andstably knockdowrDDX3 cell lineare not able to retairknockdown

In the followingsectionsthe variousnuclear and cytoplasmic functions of DDX3
will be reviewed.
1.21.DDX3s role in RNA metabolism

DEADBbox proteins have been implicated in all aspects of RNA metabolism.
DDX3'score helicase domain is comprised of two covalently linked globular
domains, each consisting of fivegstrands and fivea-helices connected by a
flexible linker.DEADBbox helicasesuch as DDX8ontain nine onserved helicase
motifs, Motif |1 (Walker A), motifl (Walker B), motif Il andotif Q in the sub
domain 1, and motif V and VI ithhe sub domain 2Figure 1.5). DDX3 andts
homologues share strong similarities as showmnFigure 1.5. The core helicase

motifs are involved in ATP binding, ATPase activity, RNA substrate binding and
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unwinding. The N- and G termini of DEAEbox proteins show much more
divergence, and are thought to confer functional specificity to tiaividual DEAD

box helicase$Rocak & Linder 2004)
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Figurel.5: DDX3 belongs to the DEADX protein family.
A: A schematic representation of DDX3t@in structure and conserved domairB: HumanDDX3

protein

sequence alignment with DDX3 homologues Mus musculus PL10 ; XenopusAn3;

DrosophilaBelle andS. cerevisiaedDedlpand human DDX3. Alignment was performed usBigC
Sequence viewer, conservatishown in colougradientwith blue being most identical to releing
non identical.
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During the mRNA life cyclenRNA is processed in both the nucleus and the
cytoplasm to produce a functional proteiBriefy, mRNA is transcribed from DNA
in the nucless, MRNA is then processed by mRNA processingma® (eg. 5'
capping, splicing, polyadenylation). Processed mamiRNA is then transported
from the nucleus to the cytoplasmm complex with proteins as mRNRs&d in the
cytoplasm mRNA is tnglated at theribosomes Figurel.6). DEAD boyproteins
have been shown to haveoles all of theseprocesses hence nucleoytoplasmic
transport of DEAD box proteimsust occur for mRNArocessing to occur.

The role of DDX3 imarious aspects of RNA metabolism will be discussed in the

following paragraphs.

Cytoplasm
Polypeptide
Ribosome @—\f
Transport to cytoplasm
Nucleus
mRNA processing

‘WL Oy Ao seen

9
T Splicing

Figurel.6: Nuclear and cytoplasmiprocesses involving mRNA

In the nucleus, mRNA is transcribed from DNA into mRNA,AnRbNcessing occurs (splicing,
capping and polyadenylationfollowed by transport to the cytoplasm where the mRNA is translated
into protein.
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1.2.2 Evidence of DDX3's role iffranscription
Several DEADox proteins have beeshownto play a rolein gene regulation

through interaction with the transcription machineiy the nucleugRocak & Linder
2004; FullefPace 2006)DDX3 has been suggestexdparticipate in transaptional
regulation ofseveralgenes, ranging from genes involved in cell cycle regulation to
genes involved in innate immune signalli@chroder 2010DDX3 has been shown
to bind tothe L C pp21"**™/“Pland ECadherin promoterswith the ability to either
increaseor deaeaseactivation ofthese promoters (Tablel1.2) (Soulat et al. 2008;

Chao et al. 2006; Wu, Liu, &. 2011; Botlagunta et al. 2008)

DDX3 regulates transcription of promoters

Promotor v/ @ activation Reference

IFNo ) (Soulat et al. 2008)

p21"articipl b (Chao et al. 2006; Wu, Liu, et al. 2011)
E-Cadherin Q@ (Botlagunta et al. 2008)

Tablel.2: Human DDX3 regulatesanscription of several gengoromoters.

DDX3has been shown to increase activation of theCb i LIN2 Y 2 (1 S NJ R dzNA
immune responss Chromatin immunoprecipiation revealed that DDX3 was
recruited to the L Cb i LINE Y2 (0 SNJ dzLLBtghia hofdcBogends2 Yy 4 A
independently of IRFgSoulat et al. 2008)DDX3 inducedactivation ofi KS L Cb |
promoter independently of DDX8 ATPase activitysince the K230E helicase
inactive mutant behave the same as wild type DDXSchroder et al. 2008; Soulat
et al. 2008) The K230Enutant has a mutation in the Wetr A motif, which

disrupts its ability to bind nucleotidesand thusdisrupting ATPase and helicase
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activity (Yedavalli et al. 20040ther DEAmoOX proteins have also been shown to
regulate promoter activity independently of their enzymatic activityan et al.
2003; Rajendran et al. 2003)

DDX3 has been shown to interact and cooperate with Spl toegplate
promoter activity of the cell cycle regulator21"“®*’®"* in a ATPaselependentand
helicaseindependent manner (Chao et al. 2006)DDX3has been shown to be
down-regulated inhuman hepatocéuilar carcinoma(HCC) cancersuggesting a
role as a tumour suppressor ge(@hang et al. 2006DDX3 hasalsobeen shown to
regulate transcription of the tumour suppressoiCadherin.Loss of ECadherin, a
cell adhesion proteinhas been shown to induce epithelifahesenchymal transition
(EMT) in breast cancer(Botlagunta et al. 2008)DDX3 was shown toeduce
activation of ane-Cadherin promoter reporteconstructthrough direct bindhg to
the ECadherin promoter, while fockdown of DDX3 by shRN#omoted E
Cadherin expressiofBotlaguntaet al. 2008) Another study showed that DDX3
positively regulates the transcription factor Snailwith knockdown of DDX3 by
SshRNA resulting in decreased levels of ISi8un et al. 2011) Snail is a
transcriptional repressor of-Eadherin(Batlle et al. 2000)

The role for DDX3 in regulating gene expression at the level of transcription
demands that DDX3 musie present in thenucleus. Regulation of DDX3uclear
import coul therefore affect the expression of genes transcriptionally regulated by

DDX3, such as p#/“*, IFNb and ECadherin
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1.2.3. Evidence of DDX3's role irsplicing
A role for DEADoOx proteins in splicing has been suggested duethe

interaction ofDDX® & theyDRX3 homologuBedlp fromS. cerevisiaewith the
spliceosome and mMRNHFStevens et al. 2002; Merz et al. 200%) yeast, three
DEAD box proteins have been shown to be required foviwoe splicing;Sub2
Prp28, and PrpJLinder 2006) However, neither human DDX3 nor Dedlp have
been shown to be required for splicing. In humaB® X3 has onligeen shown to

be associated with spliced mMRNAs in an Exon junction complexd@pEndent
manner(Merz et al. 2007)suggesting DDX3 does not play an active role in splicing
but associates with the RNPs after splicing has occyBeldroder 2010)
1.24.Evidence of DDX3's role ifrRNA export

DDX3 has been shown twe exported via two nuclear shuttling proteins, TAP
and CRML (Lai et al. 2008; Yedavalli et al. 2004} stated earlier,ite nuclear
export of mRM occurs predominantly through a heterodimer of TAP and a small
cofactor termed Nxt(Cullen 2003) DDX3 has been shown to interact with TAP
independently of RNA bindinga its Germinus and also to interact with polyA
mRNAgLai et al2008)

In addition to NE®8ontaining proteinsCRM1 has been found to expod small
subsetof inducibleRNAs including IFNa1l mRNA and IFNnduced HLAA mRNA
(Kimura et al. 2004; Browne et al. 2006DX3 has been shown to be exported via
CRM1 and to interact withCRM1 (Yedavalli et al. 2004knockdown of DDX8oes
not affect overall mMRNA expt, suggesting that DDX3 is not required for general
MRNA export but may be involved in export of specific mR{llAset al. 2008)

Since DDX3 has recently been shown to have a r@atirviral gene expressiori,
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is possible that DDX3 might also bevolved in the export of the abowamentioned
immunologicallyrelevantmRNAs via CRU
1.25.DDX3's role inProtein Translation

Many DEAEbox proteins have been implicated in translation. The DB&D
protein elFA is thought to be part of the cap binding complex, in which it unwinds
or rearranges RNR dzLJX SE &0 NHzOGdzNBa G4 GKS pQ Syr
scanning by the small ribosomal subunit. It is also thought that elF4A may strip RNA
of proteins after the RA has been exported from the nucle(®vitkin et al. 1996;
Rogers et al. 2002PDX3 homologues Dedl1lp and Dbplp fr8merevisiae have
alsobeen shown to function inhte initiation of translation; with Dedl1p being faster
YR Y2NB SFTFFAOASYU (KIy (Bhamn& Tarh 20094 O y y 7
Berthelot et al. 2004; Marsden et al. 2006)

HumanDD>8 has also been shown to interact with several transhainitiation
factors {Table 1.3). DDX3has been implicated in protein translation through its
interaction with the multicomponent translation initiation faor elF3(Lee et al.
2008) DDX3 hadbeen suggested to have a role in translation regulatiohibiting
translation via an interaction with elF4ghih et al. 2008)hile promotingb-globin
MRNA translatiorvia an interactionwith elF3(Lee et al. 2008)Knocklown of
DDX3 was also shown to negatively affect the translation of mRNAs containing
complex secondary structures in theiNBRgLai et al. 2008)similar to what was
found in yeast Ded1pDDX3 has recently been shown to promote translation of
selected mRNA in association with elf8BtaRifo et al.2012) DDX3 has also been

shown to have a role in assembly of 80S translation initiation complexes, with DDX3
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interacting with components of the 80S ribosome in an RNA independent manner

(Geissler et al. 2012)

Translation Initiatbn Factors that interact with DDX3

Translational initiation factor Reference

elF4e (Shih et al. 2008; Lai et al. 2008)
elF4a (Lai et al. 2008)

elF4) (Lai et al. 2008)

elF3 (Lee et al. 2008)

PABP (Lai et al. 2008)

elHF (SotoRifo et al. 2012)

Tablel.3: Human DDX3 interacts with translational initiation factors.

1.26. Summaryof DDX3's nuclear and cytoplasmic functions
DDX3 is involin a range a cellular processes, which occur in both the nucleus

and thecytoplasm Figurel.7, describes the variousuclearfunctions(DDX3's role
in transcription and MRNA processing) and also the cytopladomctions
(translation and innate immune signallinghat DDX3 is implicated in. DD¥X3
functions in bothcompartmentssuggess that transport of DDX3 between the
nucleus and cytoplasmught to be regulated and that its distribution in the cell

might affed its participation in these processes.
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Figurel.7: DDX3 is a multifunctional protein with distinct roles in the nucleus and the cytoplasm.

DDX3 has roles in all aspects of RNstamolism. TranscriptionDDX3 can regulate transcription of genes, increasing adtivati the cell cycle regulator2d”
promoter, decreasing activation dfie ECadherinpromoter andincreasing activatioof the IFNo promoter (Chao et al. 2006; Botlagunta et al. 2008; Soulat et al. 2008)
MRNA processing: DDX3 has been implicated in various stages of mMRNA processing. Translation: B&XBripdisdied in translation initiation. Adapted fro@chroder
2010)
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1.3. Aims of this study

As DDX3 has distinct role in both the nucleus and the cytoplasm,
understanding how DDX3is transported across the nuclear membranenay
elucidate how DDX8 participation in nuclear and cytoplasmic processes is
regulated andeveal what the role of DDX3 isnegulatingtheseprocesses.

This study is primarily interested in understandthg factors that influencehe
cellular localisation of DDX3. Whether DDX3 is a nucleocytoplasmic shuttling
protein will be confirmed. We werenterested in understandinghow DDX3 is
exported and importedthrough the nuclear pore andvhether the cellular
localisation of DDX3 can change@sponse tadhe cellular environment.

AsDDXS3 has been shown to be a target for various viruses|seeinvestigated
whether viral proteinsaffect DDX3ocalisation in the cell, which may play a role in
viral pathogenesis. Viruses have been implicated in disrupting various cellular
functions including immune signalling, cell cycle regulation and stress responses
(Bowie & Unterholzner 2008a@illo-Infante et al. 2007; White & Lloyd 2012)

As we were interested in the localisation of DDX3 in response to cellular stress,
we investigated how oxidative stress affects the localisatibBDX30 cytoplasmic
granules.

As DDX3 has been shown tplay a role in regulating the cell cyclee

investigated iDDXS3 localisatioand expressiokhanges during the cell che.
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Chapter 2 : MATERIALS AND METHODS

2.1.Standard Laboratory Procedures

Goodlaboratory practice was employed at all times. A laminavftmod was

used for all tissue culture experiments. All solutions are outlined in Appéndix

2.2.Molecular Biological methods

2.2.1.Preparation of chemically competent cells
Chemically competencels were prepared fronkcoli strain Novablue Nlerck)

(endAl) or Ecoli strain BL21/DE3 NEB)with CaGl solution, which facilitates
transformaton of the cells with DNA. 50l of Novablue competent cells were
added to 5 ml of LB broth, and cultured overnight at@G7LB broth (100miyas
inoculated with 1nhof the E.coliovernightpre-culture and incubated at 37C until
the Oy of the culture reached 0-0.8 @fter approximately 6 hours)rhen, the
bacteria were pdéted by centrifugabn at 4C for 20 minutes at 3,000@he pellet
was immediately resuspeled in 34nl of icecold transformation buffer (TB) and
incubated onice for 10 minutesThe cells were pelleted as be&and resuspended
in 8mlice-cold TB. 600 pl of Dimethyl sulphoxide (DMS{@maAldrich)was added
and the cells were incubated on i&r a further 10 minutesAliquots of 206300 pl
were snap frozen induid nitrogen and stored immediately a80°C
2.2.2 Transformation of chemically competent cells

Competent cells were thawed on icg0 ul of cells weréransferred into acold
1.5ml tube containing 50 ng oflgsmid DNA or -R pl of ligated DNA from ligation
reaction (seesection2.2.7.3.3 and kept on ice for 30 mins beforgeing heat-
shocked for 35 seconds at 42in a water bathand then placed on ice for a further

2 minutes 80 pl of LB broth washen added to the transformed cealland they were
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immediatelyplated ontoLBagar plates (LB broth with 1.5 % (w/v) agashtaining
100ug/ml ampicillinantibiotic and incubated at 37C overnight.

For kanamycin resistant plasmids addaional outgrowth step was required
After heatshock 100ul of SOC medium or LB broth was added to cells, and the tube
was left shaking at 3Cin a bacterial incubator for 1hOutgrowth at 37°C for 1
hour is besfor cell recovery and maintenance ofténotic resistance. Transformed
cells were then spread onto LB agar plates containing 100pg/ml kanamycin and

incubated at37°Covernight.

2.2.2.1solation of plasmid DNA

2.2.2.1 Smallscale DNAamplification
Plasnid isolation and purification from baatel cdls was performed usinthe

mi-Plasmid Mini Prep Ki(Metabion) according to the manufacturé&s protocol.
Briefly, 5ml LB broth containing appropriate antibiotic was inoculated with a single
transformedE.colicolony from an agar plate. The cultues incubated overnight
at 37°Cwith constant shaking. The bacterial cellsres centrifuged at 5000 g for 5
mins and subjected to lysis and purification as per the manufacturer's instructions.
All plasmids were eluted in molecular grade water.
2.2.2.2 Large-scale DNAamplification

Plasnid isolation and purification from bacted cdls was performed using the
Nucelobond Xtra Midi Kif{MachereyNagel) according to the manufacturés
protocol. Briefly, a starter culture of LB broth (5ml) containing apprdpria
antibiotic was inoculated with a single transform&dcolicolony and incubated at
37°Cwith constant shaking for -8h. This was then added to LB broth (100ml)

containing appropriate antibiotic and incubated over night &7°Cwith constant
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shaking. Ta bacterial cells were centrifuged @000gfor 20mins and subjected to
lysis and purification as per the manufacturer's instructions. All plasmids were
eluted in molecular grade water.
2.2.2.3 DNA quantification

DNA concentrationgnd purity were deternined usinga NanoDroffND-1000
Spectrophotometer according tthe manufacturets protocol.
2.2.3.Agarose gel electrophoresis

The principle of agarose gel electrophoresss to separatenudeic acids
according to their molecular size in an electric ield. PCR products were
electrophoresed on agarose gels in a BRL Horizon 58 Life Technologies
electrophoresis unit. Agarose gels were prepared byiragl@8-2.0%(w/v) agarose
(Thermo Fisher Scientifico 100m 1 X TAE buffer (Appendity, and heated until
the agarose disdved. Ethidium Bromide (10,000Xhermo Fisher Scientificor
GelRa™ Nucleic acid stain (10,000Biotium)was added and mixed by swirling
gently. The solution was transferred into gel moulds and allowed to set. Agarose
gels were trangrred to the electrophoresis apparatand overlayed with 1IXTAE
DNA samples were mixed with 1@wading Dye, and then were loaded into the gel
wells 7 pl 1kb DNA Ladd€mhermo Fisher Scientifiwas included in each gel as a
size reference Gels were elctrophoresed at 120 V for 180 minutes DNA was
visualized bya UV Transluminator and imaged using a Syngene G box gel

documentation systemHrederick)
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2.2.4.DNA purification

2.2.4.1.Gel purification
The required DNA fragment was excised fromagarose gel aftevisualising

the DNA on a U¥ansilluminator (Viber Lourmat DNA fragments were purified
using QIAquick Gel Extraction K{iagene) according tothe manufacturets

protocoland eluted in 3@ molecular grade water.

2.2.5.Polymerase Chain Reaction (PCR)
2.2.5.1.End-point PCR

2.2.5.1.1Principle
The polymerase chain reaction (PCR) is a sensitive and seiectit® method

for exponential amplification of a specific DNA fragment ofirdel length and
sequence template DNA.
2.2.5.1.2Primer design

Primer pair design is th&argest variable in PCR application and the single most
critical factor in determining the specificity of the PGRimers were designed
based on deposited GenBaskquencesPrimer pairs were designed so they were
complementary to the 5and 3 ends of the fragment to be amplifiedPrimers were
designed to incorporate appropriate restriction enzyme sites to allow cloning into
chosen plasmid vectord'he following peameters were respecteds/Ccontent of
40-60% and length of 280 nt with a melting temperature (Tm) of 8D or higher
Of note complementary sequenaeof primer pairs should be avoidedince this

often results in primedimer formation which can impaithe efficiency of the PCR.
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2.2.5.13. PCR reaction mix
Primers were obtainedfrom Eurofins MWG Operon and resuspended in

molecular grade waterThermo Fisher Scientifim a concentration of 200pmai.
Phusio™ High Fidelity PCRolymerase(Finnzymes)was used according to the
YI ydzF I OG dzZNBiK®R 20pl tantdn) $&€7ake2.1. PCR amplification was

carried out on a MJ research RZAD Thermo Cycler.

Components 50 pl Volume (ul) 20 pl Volume (ul) Final Conc.
5xHF BufferRhusion 10 4 1x
10 mM dNPTd\etabion) 1 0.4 200 uM
Primer 1 X X 0.5uM
Primer 2 X 0.5uM
Template DNA X 1pg10ngper50ul Rxn
Phusion DNA Polymerase 0.5 0.2 0.02 U/ul
Water Add to 50 Add to 20

Table2.1: PCR Master Mix.
Table shows the components and their concentrations in each PhUSRER Master Mix.
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2.2.5.1.4PCR cycling program
PCR cycling progres were performed usingn MJ research PTZD0 Thermo

Cycler. The programs alisted in Tablel.2. Gycling conditions were determined as
LISNJ Y I y dzF IndriiciaNsS NGeaerally, an annealing temperature
approximately 5°C below the lowest,bf the pair of primers is usedror primers

with high T, a wo-step cycling program was used which does not have an

annealing step

Cycle step 2-step protocol 3-step protocol Cycles
Temp. Time Temp Time
Initial denaturation 98°C 30s 98°C 30s 1
Denaturation 98°C 5-15s 98°C 5-10s 2535
Annealing - - X°C 10-30s
Extension 72°C 15-30s/kb  72°C 15-30 s/kb
Final extension 72°C 5-10 min 70°C 5-10 min 1
4°C hold 4°C hold

Table2.2: PCR cycling program

2.2.6. Site directed mutagenesis PCR

2.2.6.1.Principle
The aim of site dirded mutagenesis PCR is to introduce a specific mutati@n at

defined site in a DNA sequencEhe basic procedure utilizes a supercoiledilole-
stranded DNA (dsDN#lasmid containing thénsert of interest and two synthetic
oligonucleotide primers containing the desired mutatiam the middle of their
sequence The oligonucleotide primers, each complementary to opposite strands of
the vector, are extended during temperature cycling tiye DNA polymerase.
Incorporation of the oligonucleotide primers generates a mutated plasmid

containing staggered nicks. Following temperature cycling, Bi@&Rproduct is
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treated with Dpn | (New England Biolahs)The Dpn | endoruclease (target
sequence: 5GMGATC3") is specific for methylated and hemimethylated DNA and
is used to digest the parental DNA templatnd thus to select for mutaion-
containing synthesized DNABNA isolated from almost altcoli strains is dam-
methylated and therefore susceptible ®Opn| digestion. The nicked vector DNA
containing the desired mutations is then transformed into competent cells.
2.2.6.1. Primer Design

Primers weredesigned using the QuickChange primer design toolwswé

(Agilent). Primers are listed Table2.3.

Site-Directed mutagenesis primers

Mutant Forward Primer Reverseprimer

NES mutant 5'- 5-
ctggaccagcagtttgctggcgcagacgcgaactcttcac ctctgattatctgaagagttcgcgtctgcgccagcaaactgetge
atcagag3' cag3'

NSL1 p-Q pQ
gcaaaagcatgctattcctattatcgcagaggcaagagar ttgggcacacatcaagtctcttgcctctgcgataataggaatage
atggcttgtgeo Q 30GioQ

NLS21 5- 5-
gctttgagggccatgaaggaaaatggagcggcetgggeg gtttgcggcgeccagecgctccattttccttcatggecctcaaage
caaae3' 3

NLS22 5'- 5'- gagattgggtattgtttggctgccccagcecgctccattig
gaaaatggagcggctggggcagccaaacaatacccaa
3!

T204D 5'- 5'-atgcttttgcactggatctgggcgagtataacgagtaagct
agcttactcgttatactcgcccagatccagtgcaaaagfa

T323D 5'-atgccatttgttagtagccgatccaggacgtctagtgga 5'-atccactagacgtcctggatcggctactaacaaatggiat
3

T204A 5'-ctcgttatactcgcccagctccagtgcaaaagsat 5'-atgcttttgcactggagctgggcgagtataacealg

T323A 5'-gccatttgttagtagccgctccaggacgtctagiy 5'-cactagacgtcctgagcggctactaacaaatggt

Table2.3: Site Directed mutagenesis primers.
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2.2.6.2. PCR reaction mix

Verbatim High Fidelity PCR Kithérmo Fisher Scientifievas used forsite

directed mutagenesi®CRPrimas were obtainedrom Eurofins MWG Operon and

resuspended in molecular grade watdihermo Fisher Scientifiat a concentration

of 100pmoli. A 50pul reaction was used; witkagents addedis perTable2.4. A

negative control with no polymerase was run alongside the positive PCR.

Components

50 ul Volume (ul)

Final amounts

5xHF Buffer (Verbatim) 10 Ix

20 mM dNPTs 1 200 uM

Primer 1 X 125ng

Primer 2 X 125ng

Template DNA X 5-50ng per 50pl
Reaction

Verbatim DNA Polymerase 1.0 2.5 U/l

Water Add to 50

Table2.4: PCR Master Mix.

Table shows the compemts and their volumes in each Verbatim PCR Master Mix.
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2.2.6.3. PCR cycling conditions
Site directed mutagenesis P€éhditions were as pefable2.5.

Segment Cycles Temperature Time

Initial Deraturation 1 95°C 30 seconds

Denaturation 2530 95°C 30 seconds

Annealing 55°C 1min

Extension 68°C 1min/1lkb

Final extension 1 68°C 5-10 min
4°C Hold

Table2.5: PCR Conditions.
Protocol as per QuikChangeesidirected Mutagenesis KiAgilen) instructions.

2.2.6.4.DPN1digestion and transformation
Dpnl (New England Biolabsvas used to digest the parental template DNA. 1pl

of Dprl was added to both the positive and negatigentrol PCR tubes. 10ul of
product was run ona 0.8% Agarose gel to confirm PCR amplificati®xcol was
transformed with either positive and negative control PCR product and plated onto
LB agar plates. Colonies were picked from positive plate and grown for small scale

DNA purification DNA was sent for sequencing to confirm mutagenesis.

2.2.7. Gene cloning technology

2.2.7.1.Principle
The aim ofrecombinant DNA technology is the cloning of DNA fragments into

plasmids via the joining of two segments of DNA to generate a single DNA
molecule capable of autonomous replicat within E.colihosts There are four
major stepsin DNA cloning: 1) preparation of vector and insé} ligation of
vector andinsert 3) transformation into a host4) screening of selected clones
The ultimate pupose was to clone genes miterest and to express their encoded
protein in dfferent host cells (bacterial or mammalian celMjhen expressed as a
non-fusion protein an ATG codon was present at the start of the insert ORF. When
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the insert was expressedsaa fusion proteinthe orientation and reading frame
were maintained.
2.2.7.2. Vectors and insert sequences

All bacterial plasmd vectors contain basic featuresuch as an origin of DNA
replication (ori) enabling replication in bacteria multiple clomng site (MCS) with
an array of unique restriction enzyme siteslectable markers such as antibiotic
resistance genes (Kmy r and Amp Bor expres®n in bacterial yeast or
mammalian systemsvectorsalso have tocontan specific features recognised by
the host cellsincluding a specific qra specific promoter region upstream of the
MCS directing the transcription of the insert and selection markamd also
features to induce translation, eg. Kozak sequence for bacterial expreS&ator
maps of d plasmidsused and an outline of theirespective uses are listed in
Appendix.

The insert sequences were derived from two different sourchsert
sequences were isolated directly from previouslgombinant plasmids containing
the insertsvia enzyméc digestion of the insert (subcloning) or weaenplification
by PCR Whether subcloned from another vector or amplified by P@Rerts
contained compatible restriction sites with the multiple cloning site (MCS) of the

chosenexpression vector.
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2.2.7.3. Cloning protocols

2.2.7.3.1. Enzymatic digestion of the vector and the insert
The vector and insert DNA were digested with one or two different regirict

enzymes with recognition sites included within the MCS of the vector and at the
ends of the isert, generating compatible and cohesive ends. All restriction
enzymes were obtained froNew England Biolabsnd used with manufacturer's
buffers. Appropriate buffers for double digestions were used, asymarufacturer's
instructions. The digestion redaoh was performed for d6h at 37C, or overnight

at 37°C as peiTable2.6.

Components 35nbreaction

Purified vector or insert DNA Approx. 1.0qg
15m PCR product

10x Buffer 3.5
Enzyme | 1.0
Enzyme I 1.0
BSA 0.5

ddH20 Up to 35

Table2.6: Restriction enzyme digestion reaction.
Table showshe components and their volumes for each restriction enzyme digest of DNA insert or
vector.
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2.2.7.3.2 Dephosphorylation of vector for one enzyme cloning
Antarctic Phosphatas@New England Biolabgjas used to dephosphorylate

vector duing one enzyme cloningAntarctic Phosphataseatalyzes the removal of
5" phosphate groups from DNA and RNA. Since phosph#taated fragments lack
the 5 phosphoryl termini required by ligasegsctorcannot seHligate. After
treatment the reaction vas carriecbut for 1h at 37C Table2.7) followed by heat

inactivation at 68C for 5 mins.

Components Volume (ul) Working Conc. Final Conc.
10x Buffer 3.0 10x 1x

Antartic Phosphatase enzyme 1.0 NA 4-5U/ug DNA
BSA 0.5 100x 100pg/mi
ddH20 Up to 30 NA NA

Table2.7: Dephosphorylation reaction.
Table shows the components and their volumes for dephosphorylation of digested vectors.

2.2.7.3.3Ligation of the vector and the insert
Following restriction digest, vector and insert were -gefified and then

ligated. Ligations were cafed out with 2xLigase Premix Clpnabés,
NovageriMerck Millipore) as outlined inTable2.8. An excess of insert is required
for successful ligation. A negative control with,@Hnstead of DNA insert was also
included, to control for rdigation of vector. The ligation reactions were incubated

at 16°C for 20mins.

Components Volume (pl) Conc.

Vector 0.51.5 0.0125 pmol
DNA insert 1.02.0 0.0250.7 pmol
2xligase 2.5

Table2.8: Ligation reaction.

Table shows the components and their volumes for ligation of purified DNA inserts into appropriate

vectors
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2.2.7.34. Transformation and selection
50pl of competentE.colicells were transformed with 2ul of the ligation reaction

mixture. The transformation procedures were described section 2.21.2.
Transformaits were plated on LB plate®ntaining appropate antibiotic.
2.2.7.35. Screeningof the transformants

Colonieson LB platesvere used to inoulate small ON cultures for small scale
plasmid purification Regriction digestion was carried out using appropriate
restriction enzymes to confirm the presce of insert
2.2.7.36. Sequencing

Positive clones werethen sequenced to confirm their correct sequence,
orientation and eading framePlasmids were sent to either Eurofins MWG Operon
(Germany) or SourceBiosour@esland) for sequencing.
2.2.7.4.Plasmid construction

DDX3 truncation mtants were generated by cloning relevant sequences into
the EcoRI and Sal | site of the vector pGIN&/ClontechfAppendix ). The Hag is
to the Niterminus of DDX3. Primers used are listed atole2.9.

NESaddition mutants, which reattached the NES region to erminal deletion
mutants, were generated ashown inFigure2.1 by amplifying the first 22 amino
acids of DDX3 flankedy two EcoR1 site. Constructs for truncation mutants were
linearisal using the EcoR1 restriction enzyme and dephosphorylated using Antarctic
Phosphate lew England Biolab$o prevent religation of the NES2R fragment.
The NES-22 fragment was ligatechio truncation mutants, and transformed into
E.coli.Positive clones were sent for sequencing to confirm correct orientation of

insert.
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DDX3GFP plasmids were generated by usingtéfmed mutants as template

for PCR, and cloning the products into EcoRI| Saldl sites of the pEGINA vector

(Clontech (Appendix ).

DDX3 mutants

Forward primer

Reverse primer

DDX3 primers
22-662

44-662

66-662

80-662

100662

110662

120662

130662

DDX3 NE&-22

DDX3 GFP

5'-gccgaattcggatgaactcttcagataatcagagt

5'-gccgaattcggatgaggaaccgagaagict

5'-gccgaattcggatgaaggatgcgtatagic

5'-gccgaattcggatggggaagtctage8e

5'-gccgaattcggatgggacggagtgat@ic

5'-attgaattcggatgggtgacagaagtggc

5'-attgaattcggatgcgtggtggaaacagt

5'-gccgaattcggatgtcagatgaagatgaT

5'- agtcgtggactictaagagcaga3'

5'-tcttatggccatggaggcccgaatic Q

p -BcgcgtcgactcagttaccccacoaQ

p -Bcgcgtgactcagttaccccacea Q

p -©cgcgtcgactcagttaccccacoaQ

p -©cgcgtcgactcagttaccccacoaQ

p BcgcgtcgactcagttaccccacoaQ

p BcgcgtcgactcagttaccccacoaQ

p BcgcgtcgactcagttaccccacoaQ

p BcgcgtcgactcagttaccccacoaQ

5'-cgaattccgttcaggtctaggeces

5'- aaatgtcgacgggttaccccaccagic Q

Table2.9: Primers used for PCR amplification of DDX3 mutants.
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1 NS 662

1

Ecorl Primer 1

DDX3
139-662 Ha

22

Primer 2 Ecorl

PCR NES 1-22 Ecorl restriction digest of vector
+
Dephosphorylation of linearized vector

+
Ecorl digest

. - 2 139 662
| Ecorl I Ecorl | Ecorl i

Ligate NES insert onto 139-662 vector

DDX3

NES 139-662 Ha

Figure2.1: Schematic of NES addition plasmid construction.
Not drawn to scale.
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2.3.Protein methods

2.3.1.0neDimensional SDSPAGE
Sodium dodecyl sulphate polyacrylamide gel electrophoresis -PHNEE)

migrates and separates proteins according toeir molecular weight under
denaturing conditionsSolution for esolving gels5% stacking gels, armiffersare
outlined in Appendixl. Protein samples were mixed with Raemmli sample buffer
before being heatd at 95C for 5 minutesAlongside aprotein molecular weight
marker (Fermentas)the samples were loaded into the welbf the stacking gel.
Gels were then run using the BRAD Minigel electrophoresis apparatusSBS
PAGErunning buffer at100-150 V costant voltage for 50 minutes, or until
sufficiently resolved.
2.3.2.Coomassie Blue staining

When requied, SDEAGE gels were stained with Coomassie Bhamigg
Solution (Appendix 1) for 20 minutes at %5, followed by destaining iDestainng

soluion (Appendix II) until the background was clear

2.3.3.Western blot analysis

2.3.3.1.Electroblotting procedure
Once the proteins had been separated by $I2&Ethey were transferred

electrophoretically to a polyvinylidene fluoride (PVDF) transfer imeme
(Immobilon, Sigm&ldrich)in a semidry electrophoretic transfer uh (Biometra)
Membrane waspre-soaked in methanolSigmaAldrich)and cold transfer buffer

(Appendix 1) for 10 min.
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2.3.3.2.Immunoblotting procedure
After transfer the membiane wasncubated by shakggentlyin a blocking

solution (5%semiskimmedmilk powderin 1xPBS/@1 % Tweer(Sgma))at room
temperature for 1 hto prevent nonspecific antibody binikhg. Subsequentlythe
membrane was incubated with a primary antibedy5% Milk PBS/Tweefor 2
hour at room temperatureor 4°C overnight. Antibodgoncentratiors and
information is listedn Appendix Il. Following x 1Gnin washes in 1 X PBS/Tween
the membrane was then incubated with a horseradish peroxidase corgdgat
secondary antibody for 2lat room temperatureand then washed again 3 x 10 min
in1 X PBS/Tween
2.3.3.3. Chemiluminescent detection

Immunoreacive proteins were detected using Eenced ChemiLuminescence
(ECL)ECL was prepared by mixing 1ml of ECL A,01BICL B and Qu6of HO,
(Appendix 1) and then added the membrane for 30 secs. Commercial B@ls
also used(Millipore) as per manufactures guidelines. Membranes were placed
between two layers of plastic and placed & film cassette. In the darkoom,
Autorad film { £ G NI / NXzl n ! dzii 294itaRGriz BNiechifoldgWas A f Y
placed on top of the membranes the cassette for 130 min. Autorad film was

then developed and fixed using a Fuji Medical film procedsoji)

2.4. Mammalian cell cultue methods

All cell culture experiments were performed in a Holten LaminAir laminar flow
hood at Biosafety Level Il. Cells were maintained at 37°C in a humidified

atmosphereof 5% C@in a Thermo Scientific Forma Steri Cycle incubator.
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2.4.1.Cells cuture
HEKR93T and HelLa adherent cell lines were cultured in Dulbebbadkfied

Essential Mdium (DMEM]Invitrogen)with 10% fetal calf serunThermo Fisher
Scientifi¢ and antibiotics (10 pg/ml gentaicin (Sigma)Table2.10). Confluent
cultures were passed at1l0 ratio for HER93T and HeLa ii75cnf tissue culture
flasks(Corning)every 23 days Cells were dissociated using 5% (w/v) trygSIDTA

solution(Sigma)yand resuspended in DMEM.

Cells Description Morphology  Maintained in
HEK293T Immortalised Human embryonic kidney ce Epithelial DMEM

line, containing theSV40 Large-dntigen
HEK 293 R1s Immortalised Human embopnic kidney cell Epithelial DMEM

line, stably transfected with {LR1
HelLa Human cervical carcinoma cell line Epithelial DMEM
HepG2 Human Liver carcinoma cell line Epithelial DMEM

Table2.10: Cell lineinformation
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2.4.2. Transient transfectionof mammalian cell lines
Cells were transfected with plasmids ing either Calcium Phosphate or

GeneJuice (Merck Novagen according to the manufacturés protocol.
2.4.2.1. Calcium Phosphate transfection

For a 1@m TC dish500ul(-volume of DNA2X HBS (Appendily were aliquoted
into a sterile 1.5 ml microfuge tubes. 20 pfplasmid DNA was added to BS.
30ul 2.5M CaCl2Appendix I)was then added and mixed gently during the
addition. After 20min incubation, solution waadded dropwise to the cells. Cells
were incubated a37°Cfor 24-48 hours before harvestingzor a 6well plate, 12
well plate or 24well plate, reaction was scaled down appropriately.
2.4.2.2. Gene juice transfection

Genejuicet transfection Merck Novagenn) was carried out as per the
YIydzZFlI OGdzZNENRE Ay adNHzOGA 2y a o flat bottomadF SO0 A 2
96-well plates. Genejuice was diluted in serum free medium (SFM) &5adilution
and left for 5min.The DNA/@nguice mixture was left for 1Bnin before addition
to the cells in the 96 well plateA total amount of 230ng DNA in 10ul
GeneJuice/SFM mixture was added to each well and mixed by pipetting.
2.4.2.3.sRNA transfection

Short Interfering RNA (siRNA) canused to interfere with the expression of
specific mMRNAs containing complementary nucleotide sequences. Lipofectamine
2000 was used to transfect HEK293Ts andlLa cells with{ G SI f § Ku whb!
oligonucleotides Ifivitrogen)specificfor DDX3 or a contr@diRNA with matched GC

content (
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Table2.11). For a éwell plate,100pmole (5ul) of sSiDDXB siDDX2, siDDX3
or si medium GQvas added @ 125ul of Optimem Gibco)in a sterile eppendorf
tube. 125ul of OptimemGibco)was mixed with 5 pl Lipofectamine 2000 in a sterile
eppendorf, and left for 15 min. The Lipofectamine/Optimem mix was added to the
SiRNA/Optimem eppendorf tube mixed with ptpgag, and incubated for 15 min.
255pl of Lipofectamine/siRNA mix was added to cells. After 24 h, cells from each
well were split into two new wellsThe following morning a second sSiRNA
transfection was carried out, and 6 h later expression plasmids waresfected
into cells using the calcium phosphate method. Cells were harvested 24 h after the

calcium phosphate transfection

SiRNA Sequence Identifier
DDX31 5-GGGAGAAAUUAUCAUGGGAAAEAUU (HSS102712)
DDX32 5-UUCAACAAGAAGAUCCAACAARBUCC (HSS102713)

Table2.11: siRNA sequence and Identifiéinvitrogen).

2.4.3 Celltreatments
For Leptomycin B (LMB) treatmetlls were treated with 20 nM LMES{gmg 3

hours before harvesting.

For Sendai virus (Se&harles River Laboratories) stimulation, Sendai virus was
added at a 1:200 dilution from original stock (16,000/atlyequired time points.
Etoposide was added to cells at a concentration @fN®r 5QuM for 4 hours.
IL1-a /TNFa was added at a conceration of 10ngful of IL1 and 100ngi of TNF
for 4 hours.

Importazole was added to cells at a concentration giMCor 4/8 h.

Sodium Arsenite was added to cells at a concerdrabf 1mM for 20 minutes.
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2.5. Ceimmunoprecipitation (Co-IP) assay

2.5.1. Pmciple
Immunoprecipitation(IP) is the technique gdrecipitatinga proteinantigenout

of solution using a matribound antibodythat specifically binds to that particular
protein. Ceimmunoprecipitation involves the immunoprecipitation of intact native
protein complexes.
2.5.2.Coimmunoprecipitation (Co-IP) assay

HER93T cells were transfected with ugof expression plasmids for Hagged
proteins in a 6well plate; or 20 pugn a 10cm dish. 48 hours pesansfection, cells
were lysed in 200ul Hsis buffer for 6 well platepr 850 ul for 10cm dishes
(Appendixll). The required atibody was coupled to Protein G Sepharose Beads
(Sigmg, or Protein A/G agarose beadSgnta Cruzin 5% BSA/PBBwreen (0.05%)
overnight at 2Cwith constant rotation Lysates were added to beads hours at
4°C or overnighait 4°Cwith constant rotation Beads were washed threines with
1ml of IRLysis Buffeand drained of all wash buffer. Beads weben resuspended
in 2x Laemmli sample buffer (Appendix and boiled for 10min at 958C. Co
immunoprecipitation samples were then analysed for interaction by-BASE and

Western blotting.

2.6.In vitro Recombinant protein Pulldown Assay

2.6.1 Expression and purification of recombinant Histagged Proteins in E.coli
1 pl plasnd DNA (pHKParralld-2 expression plasmid) was transformed

chemically into competentE. colistrain BL2IDE3 (New England Biolapsas
described in sectior2.2.2.1. Overnight preculture was performed at 37T by

inoculating with one transformed colonyin 12 ml of LB (AMP) oxgght.
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Alternatively, 5ul of a glycerol stock was used to inoculate the 12mtqrkure of
LB (AMP)10 ml of the overnightpre-culture was inoculated inta 100 miLB (AMP)
culture and incubated at 37TC up to the logarithne phase of growth. Whef0s0o
=1.2 protein expressionwas A Y RdzZOSR o0& GKS | RPAGAZY ;
thiogalactopyranoside (IPTG) ta final concentration of 100uM at room
temperature TheE.colicellswere pelleed by centrifugation of 3000g for 45mat
4°C and then resuspended in 1 ml native lysis buffer g@mdix 1l) Lysates were
snap frozen in liquid nitrogen and thawed using a water bath. Three cycles of
freezethawing were carried out. dditional sonication(30% power for 10sec x 3)
were performed on the lysates toompletely lyse the bacteria. The lysatwere
cleared by centrifugation at 1300Ggr 30 min. 100 pINi-NTA bead slurryiagené
was washed three times with H&¥ash Biffer (Appendix Il)then added to the
cleared lysatesand incubated at 4C for overnight with constant rotationThe
beads vere then washed twice with 1.5 ml of His washing buffer | and Il and the
proteins were eluted by 100ul of elution buffer (Appendix Aliquots of protein
were run on SDBAGE and stained with Coomasie Blue to assess purity and amount
of purified recombimnt proteins.
2.6.2 In vitro Pulldown assay

For pulldowns, equal amounts of the different Hz GSTtagged fusion
proteins were used, as estimated by $PAGE and Coomas$kiestaining prior
to use. Cell lysates containingy®tagged proteis expressed in HEK293T cells or
ndp>3 2F NBO2YoAYylFy(d LINBGSAyor@SidghedA y Odzo |
proteins coupled to Nickehgarose or Glutathioi®epharose respectively, with

constant rotation for 4 or overnight at 4C Beads were washed threertes in
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1.5ml lysis buffer, anthen all the liquiddrained.Beads were then resuspended in
2x Laemmli sample buffer (Appendix Il) and boiled for 10min &€95ample were

analysedfor interactionsby SDSAGE and Western blotting.

2.7.Intracellular protein Colocalisation Studies

2.7.1.Immunofluorescent staining
Cells were cultured oround coverslipgLennoXin a6 well plate. 24 hars after

plating, cells werdransfected vith 4ug DNA using the Calcium Phosphate method.
1 hour before trasfection he medium was replaced. 48gost-transfection cells
were fixed in 4% paraformaldehyd@ppendix 1) for 15min on ice, followed by
washing in PBS (Appendix Il). Cells weanmeablised with 0.5% Triton -X00 for
30min on icefollowed by washing in PB8gpendix Il) Cells were blocked for 1h
with 5% BSA in PBSveen (0.05%)Cells transfected with expression plasmids for
Hatagged proteins were subjected tardct immnunofluorescence using astia
AlexaFluor594I vitroger) diluted at 1: 500 irb% BSA i?BSTween (0.05%)The
antibody solution was incubated with the cells for 2 h at room temperature in the
dark.Indirect immunofluorescence was performed uspgnary antibodiesdetails

of antibodies used and their concentrations can be found in AppehdiRfter
primary antibody incubation, cells were washed three timePB&Tween (0.05%).
Addition of appropriate secondary nébodies followed, either antirabbit-
AlexaFluor488 (Invitrogen) or anti-mouseAlexaFluor488 (nvitrogen diluted
1:1000 in5% BSA in PBBveen (0.05%)After stainirg cells were mounted in
SlowFade Gold Antifade Reagent containing OiRitrogen)on microscope slides

and sealed using clear nail varnish.
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Cells were viewed usingn Olympus Fluoview Confocal Microscope and
analysed using Olympus Fluoview FYABW softwarelmages were captured using
a 40x objective lens. Sequential excitationd®5nm, 488m and 594nm was used.
The termco-localisationrefers tothe coincidence of green and red fluorescence, as
detected by the @nfocal microscopeOlympus Fluoview FVIBSW software was
used to measw the degree of colocalisation by calculating Hhe
Pearson'scorrelation coefficient R(r). Rearson'scorrelation coefficient is one of
the standard techniques used to quantify thevariance between two signals
2.7.1.1. Mitochondria staining

Where required, Mitotracker Rednyitrogen)was used to stain mitochondria
for immunofluoresence micoscopy. 100nM of Mitotracker Red diluted in serum
free medium wa added to live cellor 1 hbeforefixation. After stainingcells were
prepared as described before.
2.7.1.1. Lipid droplet staining

Staining of lipid droplets required the addition of oleic acid to induce lipid
droplet formation. 24 h after transfection, Oleic acid (Sigma) adgded to cells at a
concentration of 2 0 Mnovernight. Cells were fixed and stained pseviously
described in 2.7.1.with the secondary antibody being conjugated to AlexaFluor
488. SUDAN IlI5{gmg at 2mg/ml in 70% Ethanol was added to fixed cells for 20
mins at room temperature and in thdark. Cells were washed 3 times with 70 %
ethanol, followed by 2 washes with PB&ter staining, cells were prepared as

described before.
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2.7.3. Low content analysis

Cells were stained as described above. Olympus Fluoview Software was used to
analyze tle nuclear and cytoplasmic intensity of different stains. DAPI stain was
used as a reference area for the nucleus and the bright field light image for the
cytoplasmic area. A single line through the cell was then analyzed for the intensity
of staining in tke nucleus and cytoplasm. Intensity of staining in the nucleus divided
by intensity of staining in the cytoplasm gave the nuclear/cytoplasmic rate

Figurel.l.
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Figure2.2: Nuclear/Cytoplasmic intensity was measured using Oympus Fluoview Software.

A straight line was analyzed through each cell; using DAPI and bright field light image to specify
nuclear and cytoplasmic areas, respectively. Intensity of stafvingucleus and cytoplasm was then
used to determine the nuclear/cytoplasmic ratio.
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2.7.3. High Content analysis
The GE IN Cell Analyzer 1000 is an automated cellular anckBular imaging

system. The IN Cell Analyzer was used for high content amalysells.
2.7.3.1.Preparation of cells for IN Cell Analyzer

HelLa cells were grown in a 96 well plate. For experiments requiring
overexpression of proteins, cells were transfected with expression plasmids via
calcium phosphate transfection. Cells wemneetl and stained in 96 well plate as
described earlier. Briefly, 100ul 49%-A was added per well for 15 min while on ice,
followed by a wash in PBS. For permeabilization, 100pul of 0.05%Xiticars added
to wells for 30min on ice. Cells were blocked inOl0of 5%BSA/PBBwreen.
Antibodies were diluted as described in Appendixahd 100ul of antibody
solutions was added to wells. Cells were washed with 3@®#BSTween between
antibody incubations. After secondary antibody incubatib®PI Sigma)wasused
at a concentration of 0.5pg/ml to stain  nucleus andPhalloidirg
Tetramethylrhodamine B isothiocyanat&igma)was used at a concentration of
0.1uM to stain actin filaments. This was followed by further washirfgB8Tween.
After staining, cells wereovered with 200l PBS for analysis.
2.7.3.2.Analyzes of HighContent data

Data was collated by IN cell Software (GEDPAPI and Phalloidirg
Tetramethylrhodamine B isothiocyanagtaining were used to define nuclear and
cytoplasmic regions, respectivelywhich were used as a mask for detection of
changes in DDX3 staining Figure2.3 A). To exclude noitransfected cells; data was
parsed by setting a minimum threshold fluorescence intensity score using -a non

transfected negative control. Data was parsed using Python programming language.
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For experimentslooking at endogenous proteinall cells were analysed.

Nuclear/cytoplasmic ratio wasletermined using an equation which took into

account background intensity andear of nuclear and cytoplasr&ifure2.3 B).

Background corrected Nuc Intensity= Nuc Intensity - (Nuc Area x Background Ints)

Background corrected Cyto Intensity= Cyto Intensity - (Cyto Area x Background Ints)

l

Background corrected Nuc Intensity/
Background corrected Cyto Intensity

Figure2.3: High Content microscopy workflow.

A: Hela cells are stained Wia primarya-DDX3 and secondasyrabbit Alexa Flue488, and with
Rhodamine Phalloidin which bindsaktin.Key. A OAP), B (Rhodamin®@halloidin) B:
Nuclear/cytoplasmic ratio equation. Background corrected intensities are calculated, and then used

to calculate nalear/cytoplasmic ratio.
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2.8.Nuclear Cytoplasmic fractionation

2.8.1. Principle
Cells werefractionated into their cytoplasmic and nuclear components. A

hypotonic buffer swells cells to allofar lysis of the cytoplasmic membrane without
disruption d the nuclear membrane. A stronger lysisfier isthen used to lyse the
nuclear membrane.
2.8.2. Method

Hela cells wereylsed on 10 cm plates for 5 mins using 500 Sabg&ellular
fractionation buffer (Appendix Il)Cells were craped from plateand placel in 1.5
ml eppendorf tube Lysates were passethrough a 25 G needle 10 times using a 1
ml syringe.The nuclear pellet waseatrifuged out at 720gfor 5 min supenatant
was retained as the cytosolic fraction. The nuclear pellet was washed once by
adding 500 f 2 T affoNJoudférA Bhy¢ nuclear pellet was pelleted be
centrifugation at 720g for 10 min. &h bufferwas removedandthe nuclear pellet
was resispended in standard lysis buffer (containing 10% glycerol, 1%0)Pand
incubated for 30mins on icayith vortexing intermittently. The cytosolic fraction
(supernatan) was centrifuged at 10,000g to clear any remaining fragments. The
supernatant is thecytosolc fraction, pellet is the mitochondrial fractionf the
mitochondrial fraction is desiredpellet is washed likehe nuclear pellet and

resuspened in the same buffer as above.
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2.9. Cell cycle arrest and synchronization

2.9.1. Principle
Cell cycle syshronization is the process of growing cells in culture to be at the

samestageof the cell cycle. Synchronization of cells at specific stages of the cell
cycle can be achieved by using inhibitors that block cells at specific stages of the cell
cycle.

2.9.2. Double thymidine block (G1/S blocK

HelLa cells were plated at B®% confluency and grown in complete DMEM
(Invitrogen)supplenented with 2mM thymidine(Sigmag for 18h After this initial
thymidine block cells were washed in PBS twice and releaséal firesh complete
DMEM for ®. Cells werethen added to complete DMEM supplemenmtavith 2mM
thymidine for 17hfor the second block. Cells are blocked at G1/S bounbarthis
treatment. If required, cellsvere released into complete DMEM and harvested at
specific time points to monitor cell cycle progression.

2.9.3. Thymidine/Nocodazole block (G2/M block)

HelLa cells were plated at 40% confluency and grown in complete DMEM
supplemented with 2mM thymidine for 24 After initial thymidine block, cell were
released intofresh complete DMEM for 3hAfter release, 100ng/ml nodazok
(Sigma)was added to cell for 12ICells are blocked at mitot{&G2/M) boundaryby
this treatment If required, cellsvere released into complete DMEM and harvested
at specific tne points to monitor cell cycle progression.

2.9.4. Serum starvation GO/G1 block
HelLa cells at 380% confluency were whed twice with PBS and grown in

serumfree medium for 72 h. Cells are blocked at GO/G1 stage by this treatment
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Cells were released intoomplete DMEM and haested at specific time points to

monitor cell cycle progression.
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Chapter 3 : Nuclear export of DDX3

3.1. Introduction

DDX3 has been shown to affect cellular processes in both the nucleus and the
cytoplasm; therefore how DDXM3 exported from the nucleuds important. The
nuclear export of DDX3 has not been studied in much detail, but it has been
addressed in the conte of its interaction with H\NRev protein. Furthermore it has
been shown that DRB might be exported though both CRMand Ta{Yedavalli et
al. 2004; Lai et al. 2008)

In the following passages, the current knowledge on how DDX3 is exported from
the nucleus will be discussed.
3.1.1.DDX3 exportvia Tip Associated Protein (TAP)

Tip-associated potein (TAP)a member of the NXF famili, considered as the
major receptor for bulk mMRNA expofiterold et al. 2000; Stutz 2003)DX3 has
been shown to interact with TAIR an RNA independent manneand to associate
with mRNPgLai et al. 2008)One study shoed that knockdow of TAP resulted in
a reducednuclear exportof DDX3;suggesting that DDX3 cat least partlybe
exported via TARLai et al. 2008)However, the functional relevance of the DDX3
TAP interaction is unclear, aDR3 does not seem to be required for bulk mMRNA
export.

3.1.2. DDX3&xport via CRM1

TheXenopus laeviBD>3 homologue An3 has been shownhlie exported from
the nucleus in a CRi#tdependent manner(Askjaer et al. 1999)An3 export is
mediated bya leucinerich NEShi its N-terminus. ThisNES is tightly conserved

DDX3 homologues including human DDXx3(d ¥linked), with the NES matching
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the PKiclass NESonsensusKigure3.1). Removabf the NESesulted in nuclear
accumuation of An3and reduced bindingo CRM1. Mutation of the NES through
substitution of Letl9 and Let21l with alanine residueslso resulted in nuclear
accumulation (Askjaer et al. 1999)An3 nuclear export wasalso shown to be
coupled to An3 helicase activityAn An3 DEABbox mutant (DEABDQAD
displayed reduced export from the nucleus; while binding G&M1 was not
affected and neither was RNA binding capa@itgkjaer et al. 2000)'he NES of An3
has been desdred as a high affinity NES; meaning thabiitds strongly to the
hydrophobic cleft of CRM (Giittler et al. 201Q)The inteaction between An3 and
CRM1 was dependent on RaiGTPas expected for CRM cargo(Askjaer et al.
1999; Guittler et al. 2010)

Human DDX3 has been shown to be retained in the nucleus upon treatment
with Leptomycin B (LMB(Sekiguchi et al. 2004; Yeddvat al. 2004) LMBis a
powerful inhibitor of CRML mediated nuclear expartbinding covalently and
irreversiblyto cysteine 528 in the NHSnding region of CRM and thus preventing
nuclear export of CRM cargo(Yashiroda & Yoshida 2003; Kudo et al. 3999
Interestingly, Sekiguchiet al. showed that disruption of the NES through
substitution of Letl9 and LetP1 to alanine did not affect export of hamster DDX3;
however export of this mutant was still sensitive to LMB treatm@gkiguchi et al.
2004) The authors suggested the existence of another-Migi®n within the DDX3
protein or that CRM1 may not be the only form of export utilized by DDX3.

Another group investigated the role played in the export of un
spliced/partially spliced HIAL transcripts via the RERRE/CRM1 pathwdy edavalli

et al. 2004) They demonstrated that DDXi3teracts withCRML1 independently of
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its Niterminus, which contains its putative NE$istead, he Gterminus of DDX3
was required for CRM binding and this binding occurred in RanGTP
independent mannerYedavalli et al. 2004PpDX3 was shown to docali® with
nucleoporins along the outer nuclear rim, and was suggested to play a role in
processing of RNAs to permit their nuclear export through the MP€Libsequent
molecular modellingstudy, showedthat the region betveen residues 42660 of
DDX3 might beesponsible for binding t€RM1. The authorsalso suggestedhat
DDX3 could unwind viral RNA during nuclear transport due to the proximity of the

DDX3 binding groove to the HRév binding groove of CRM (Sharma &

Bhattacharya 2010)
PKI-like NES
Amino acids preferred
1 21 i I=V=M>L>A=Y>F=W>P
X

An3  MSHVAVENVLNLDQQFAGLDL - L>1>V=M>F>A>W
DDX3 MSHVAVENALGLDQQFAGLDL x-

F=M>L>I=V>Y>W
DDXY MSHVAVEKDPELDQQFAGLDL XX

27A3

PL10 MSHVAEEDELGLDQQFAGLDL
Ded1p MAELDQQFAGLDL

L=M=>I>V>F>W=A

X
- L>I>M>V>F

Figure3.1: Leucine rich NES is conserved in the DDX3 homologues and corresponds tdikePKI
NES.

Alignment ofXenopusAn3 NES sequence with DDX3Xd¢rologue) and DDXY-fémologue)
(human), PL10 (mouse), Ded1p (yeast).
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3.1.3. Coglusion
The literature on DDX3 nuclear exporc@mplicated byconflictingresults. The

export of DDX3 has been suggested to oceoainly via CRM however
involvement of the putativehighly conservedN-terminal NES in uncledledavalli

et al. 2004; Sharma & Bhattacharya 20IDheXenopudDDX3 homologue An3 has
been shown tobe exported via CRML; with the an NES in itBl-terminus being
required for its export (Askjaer et al. 1999)The interaction of NE&ntaining
proteins with CRML is well understood; with NESs binding at 5 specific
K& RNER LK 2 0 A Gn CRMIOTha.2h®DNES tias beensdabed as having high
affinity for CRML (Askjaer et al. 2000Pue to the near perfect conservation tfig
NESsequence between An3 and DDX3, it would be expected that the NES of human
DDX3 should also mediate CRMbinding and DDX3 export.

3.2. Aims
In this chapter,| investigatal the nuclear export of DDX3.aimed to confirm

that DDX3 is exported via CRM andtest whether DDX3 helicase activitysi
required for export. Usinglifferent truncation mutants we aimed to characterise
the regions required for nuclear export, atmtest the functionality of the putative

N-terminal NES in human DDX3.
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3.3.Results

3.3.1.DDX3localises predominantly in the cytoplasm in a range of transformed
cells Lines

Within the literature the localisation of DDX3 is unclear, with most reports
suggesting a predominantly cytoplasmic localisafiéadavadi et al. 2004; Sekiguchi
et al. 2004)and others suggesting a nuclear localisat{@wsianka & Patel 1999)
Owsiankaet al. showed DDX3 localised to the nucleus in a speckled manner with
only low levels of DDX3 in the cytoplag@wsianka & Patel 1999Dthers have
suggested that DDX3 has a nuclear localisation in primary skin cells compared to a
cytoplasmic localisation in transformed squamous cell carcinoma (8G&) et al.
2006). However, most of the literature would suggest DDX3 localises predominantly
to the cytoplasm.

| first tested the localisation of DDX3 in HelLa cells usmgunofluorescence
confocal microscopy, staining for endogenous DDX3 aadtif. DDX3 localised
predominantlyin the cytoplasm in HelLeells Egure3.2).

| then decided to test the localisation of DDX3 in a range of transformed cell
lines. HEKZBts, a kidney cell line; Helacervical cell lineC7F, a lrast cancer
cell line;and A549, cell a human alveolar basal epithelium cell line, were stained for
endogenous DDX3. DDX3 has a predominantly cytoplasmic localigataih of

these cellines Figure3.3).
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Fgure 3.2: Endogenous DDX3 localises in the cytoplasm.

Hela cells were stained with a primanDDX3 and secondaayrabbit Alexa FlueA88 and also
with tetramethylrhodamine isothiocyanatphalloidin which binds-Bctin.Key:A DAP), B &-
DDX3), C (Rhodamifhalloidin), D (Merge B and C), E (Merge A,B and C) and F (Contrast).
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Figure3.3: DDX3 has a cytoplasmic localisation in a range of human cell lines.
HEK 293Ts, HeLa, MCF7 ABd9 cebB were stained with a primag-DDX3 and secondagayrabbit
Alexa Fluo#t88 as described in Chapterkey. A OAP), B (8-DDX3), C (Merge A+B), D (Contrast).

3.32. DDX3 is exported from the nucleus in a CRMdependent manner
DDX3 hs been described as a nuclgtaplasmic shuttling protein. It has been

described tobe exported from the nucleus in aCRM1 dependent manner
(Sekiguchi et al. 2004; Askjaer et al. 1999; Askjaer et al. ;280@prlso through TAP
(Lai et al. 2008)Confocal microscopy was used to confirm whether DDX3 export
occurs via therotein exportinCRM1. To this endHelLa cells were transfected with
expression plasmids fétatagged DDX3 (HADX3)and were subsequently treated
with the CRML1 inhibitor Leptomycin B (LMB). Treatment with LMB resulted in

nuclear @cumulation of overexpregd HaDDX3 whereasin untreated control
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cells,overexpressed HB®DX3localisedto the cytoplasm Figure3.4). | next tested
whether endogenous DDX3 localised to the nucleus in HelLa cells after treatment
with LMB stainingwith an antibody against endgnous DDX3 andubrochrome
conjugated secondary antibodyTreatment with LMB resulted in nuclear
accumulation of endogenous DDX3; wher@&asintreated control cells DDX3 had
cytoplasmiclocalisation(Figure 3.4). To confirm this resultNuclear/Cytoplasmic
fractionation was used to separate cells into theiuclear and cytoplasmic
fractions. Western blot analysis of the nuclear and cytoplasmic fractions showed
that there wasmore DDX3 in the nuclear fractions after treatment with LMB
compared to untreated contrgl cafirming that treatment with LMB causes an
accumulation oDDX3 in thenucleus Figure3.4).

In conclusion, DDX3 exmrted predominantly viZCRM1. Treatment with LMB
resulted in the nuclear accumulation of both overexpressed and endogenous DDX3;

with the majority ofDDX3beingretained in the nucleus after treatment.
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+LMB
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(3) -LMB +LMB

)\ A
|

[ \

{Cyto Nuc

Cyto Nuc

o- DDX3
a- Tubulin

o- HDAC

Figure3.4: CRML1 is required for the export of DDX3. DDX3 accumulated in the nucleus when
treated with 20mM Leptomycin B (LMB) for 2 hours.

(2): HeLa cells were transfected with expression plasmids for WIDB3, and stained with-Ha
Alexa Fluoi94.Key: A DAP), B (HaDDX3), C (Merge A+B), D (Contrg8).HeLa cells were
stained with a primarya-DDX3 and secondasayrabbit Alexa Flucd88.Key. A OAP), B &-DDX3), C
(Merge A+B), D (Contras(B): HeLa Cells were fractionated into the nuclead aytoplasmic
fractions and immunoblotted as described in Chapter 2. Blots were probedawiitbX3a-Tubulin
anda-HDAC. Representative blot of three experiments.



3.3.3 DDX3 helicase activity is not required for nuclear export
Askjaer et al. shoed that the nuclear export of An3 was coupled to its helicase

activity (Askjaer et al. 2000)Thesingle pint mutant K230E, bearing a substitution

in motif 1 (Walker A)has been previously characterized as having lost both its RNA
unwinding activity and its ability to hydrolyse AfWedavalli et al. 2004yVhen the
K230E mutant was overexpressed in HelLa cellsc@lisedpredominantly in the
cytoplasm in untreated cells, and became wsestered in the nucleus upon
treatment with LMB(Figure 3.5). Therefore unlike DDX3'senopushomologue
An3, human DDX3 does not requires ihelicase activity for nuclegtoplasmic

shuttling.
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Figure3.5: Helicase activity of DDX3 is not required for nuclear export.

(1): A schematic representation of protein structure of DDR}.HeLa cells were transfected with expression
plasmids for K230mutant which has lost its ability to hydrolyse ATP and unwind RNA. Cells were treated with
20mM LMB for 2 hours or left untreated. Cells were stained with priraamyyc antibody and secondagy
mouse Alexa Fluet88.Key. A DAP), B Myc-DDX3, C (Merge AB), D (Contrast).
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3.34. Mapping theregion of DDX3 required for nelear export
The regiorof DDX3 required fonuclear export is unknowrnwyith roles for both

the Niterminus and @erminus being described in the literatu(8ekiguchi eal.
2004; Yedavalli et al. 2004)
3.34.1 The Gterminus of DDX3 in not required for nuclear export

Since the @erminus of human DDX3 had previously been described as the
region in which CRM binding occurg§Yedavalli et al. 2004; Sharma & Bhattacharya
2010) (Figure 3.6); removal of te Gterminus would be expected to result in
nuclear accumulation. However; overexpression oftar@inal deletion mutant (1
408) in HelLa cells resulted in cytoplasrucalisdion; suggesting that nuclear
export had not been affected~{gure3.6). Since the region of DDX3 responsible for
import is unknown; we also treated the cells with LMB to ensure import was not
being affected by removal of the-t€rminus. Treatment with LMB resulted in
nuclear accumulation othe 1-408 mutant Figure3.6). Therefore, these results
show that the @erminus of DDX3 is not required for CRMmediatedexport. If
CRM1 binding to DDX3 does occur via thée@ninus as described in the litenarte,

this interaction is not required for the export of the protein.
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(Yedavalli et al.) modelling(Sharma 2010)
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Figure3.6: The Gterminus of DDX3 is not required for export or import of DDX3.

(1): A schematic showing CRMbinding sitess described in the literature and thet€minal

truncation mutant 3408, (not drawn to scale}2): HeLa cells were transfected with expression
plasmids for myd¢agged 1408 truncation mutant of DDX3. Cells were treated with 20mM LMB for 2
hours or leftuntreated. Cells were stained with primaaymyc antibody and secondaasmouse

Alexa Fluo#188.Key A DAP), B (MyeDDX3,C (Merge A+B), D (Contrast).
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3.3.4.2.The N-terminus of DDX3 is required for nuclear export
As the @erminus of DDX3 is not reqed for nuclear exportl next investigated

an Nterminal deletion mutant 13%62, which has the first 139 amino acids
removed.l wasvery interested in thdocalisdion of this Nterminal mutant, since it
had previously been shown to lack the ability taliice IFN promoter activation
(Schroder et al. 2008and also contains the binding sites for4kid IRF3Gu et
al. 2019. NetNES software (www.expasy.org) is an online bioinformatic tool which
predicts classical NES, and NetNES predicteaitative classical NES in the- N
terminus of DDX3(Figure 3.7). This NESorresponds to the highly omserved
putative NES that has been characterised hie XenopusDDX3homologue An3
(Askjaer et al. 2000)Removal of the MNerminus removes this putative NES at
amino acids 122, and also a describdainding site for the translation initiation
factor elF4EShih et al. 2008)

| tested the localisation of ta Nterminal deletion mutant 13962 using
immunofluorescent staining and nuclear cytoplasmic fractionation. HelLa cells were
transfected with expression plasmids for -B®X3 and Ha39-662, followed by
immunofluorescent staining and confocal microscopfpund that HaDDX3 had a
clear cytoplasmic localisation and 29662 had a clear nuclear locai®on
(Figure3d.8). Nuclear/Cytoplasmic fractionation was used to separate cells into their
cytoplasmic and nuclediractions. Western blot analysis of the cytoplasmic and
nuclear fractions showed that there was more-Hz0-662 in the nuclear fractions
compared to HEDDX3Figure3.8). Thus, thel39-662 mutant had a distinct ralear
localisation in HelLa cells , showing that thdekininus of DDX3 is required for

nuclear export.
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Figure3.7: DDX3 has a putative NES at residues2P?

Graphical plot of the values (NES score) caledlhy the NetNES software from the Markov Model
(HMM), and Artificial Neural Network (NN) scores. If the calculated NES score exceeds the threshold,
then the residue concerned is predicted to be involved in a nuclear export signal.
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Figure 3.8 WT DDX3 locaés predominantly in the cytoplasm; whereas-férminal deletion
mutant 139-662localisespredominantly in the nucleus.

(1): A schematic depicting the-términal truncation mutant 13%22 (not drawn to scalej2): HeLa
cells were transfected with expression plasmids fortétgged constructs for WT DDX3 and -E82
truncation mutant. Cells were stained with-Ha AlexaFluor594. Key. A DAP), B HaDDX3) C
(Merge A+B), D (Contrast}3): HeLa Cells were fractionated into the nuclear and cytoplasmic
fractions and immunoblotted as described in Chapter 2. Blots were probedawkth a-Tubulin and
a-HDAC. Repsentative blot of three experiments
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3.3.5. The NES in the Nerminus of DDX3 isrequired for nuclear export
| hypothesized that the nucledocalisaion of the 139662 mutant, was due to

the removal of theputative NESat amino acids 1-22. Therefore,l designed and
generated additional truncation mutants which truncated theeé¥minus stepwise,
removing the NES arelF4Bbinding site.

HelLa cellsvere transfected with expression plasmids for-témged 22662 and
44-662, followed by immunofluorescent siaing and confocal microscopy.
Removal of theputative NES analIF4Ebinding site resulted in clear nuclear

accumulation of DDX@Figure3.9).
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(1) 662

1 12-22 38-43

38-43
Ha-DDX3
Ha-22-662
Ha-44-662

Figure3.9: Removal of putative NES results in nuclear accumulation of DDX3.

(1): A schematic depicting the-tdérminal truncation mutants 2:622 and 44662 (not drawn to
scale)(2): HeLa cells were transfected with expression plasmids fetatiged WT DDX22-662 or
44-662 truncation mutants. Cells were stained with primarfa antibody and secondaarmouse
Alexa Fluo#188.Key A (DAP), B (HaDDX3, C (Merge A+B), D (Contrast).
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To further validate the nuclear locadiion of these truncation mutants; |
decided to quantify thenuclear/cytoplasmic intensity agtaining forDDX3 andts
mutants.| usedthe nuclearDAPIstain and the light image to define the nucleus and
cytoplasm of the cellrespectively Using the Olympus Fluoview 1000 softwére
intensity of the fluoochrome of interest can be defined as nuclear intensity and
cytoplasmic intensity using the nuclear staldAP) and light image to define the
boundaries With this "Low content analysis | measured the nuclear/cytoplasmic
ratio of overexpressedHaDDX3;Ha139662 mutant andHa22-662 mutant.
Results showed that wild type H2DX3 localised predominantly in the cytoplasm,
while the 22-662 and 139662 mutants localised predominantly in the nucleus.
Interestinglythe 22662 mutant had a rediced nucleafcytoplasmic ratio compared
to the 139662 mutant(Figure3.10); suggestinghat residues downstream of the

NES might also contribute to nuclear export.

(Nuclear/Cytoplasmic Ratio)
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Nuclear/Cytoplasmic ratio
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DDX3 22.662 139.662
h -Ha staining

Figure3.10: N-terminal deletion mutants 22662 and 139662 are predominantly nuclear,

compared to WT DDX3 which was is predominantly cytoplasmic.

Hela cells were transfected with expression plasmids fembiged DDX3-662,22662 or 139662.
Cells vere stained witha-Ha antibody and secondaarmouse Alexa Fluet88. Cells were analyzed
for nuclear/cytoplasmic intensity using Olympus Fluoview Software, as described in Chapter 2. A
predominantly cytoplasmic stain is<1; Nuclear stain is >1. n=30 (n=15 cells anadyseaddr
independent experiments). Standard deviation error bars.
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3.3.5.1. Disrupting the NES of DDX3 resulia impaired nuclear export
To further confirmthe requirement of theN-terminal NES region for expoudf

DDX3 an NES point mutant was designed. TMESCRML1 binding site can be
disrupted by changing the hydrophobic leucines within the NES to inert amino
acids; such as alanine. Askjaer et al. showed that disrupting the NES of the DDX3
Xenopushomologue An3 by substituting the leucines at residuesat@ 21 with
alanine disrupted nuclear expoof An3(Askjaer et al. 1999 equivalent mutant
was constructedfor human DDX3 which substituted the leucines at residues 19
and 21 withalanine as previously describeflite directed mutagenesis was carried
out as desdbed in Chapter 2.

HelLa cells were transfected with expression plasmids for thélEH& mutant,
follwed by immunofluorescent staining and confocal microscojy expectegdthe
NES mutant localised predominantly in the nucleus; therefore confirming that the
NES sequence of human DDX3 is required for -CRiMediated nuclear export

(Figure3.11).
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Figure3.11: DDX3 NES mutamcalisespredominantly in the nucleus.

(1): Schematic representation of NES muta@2): HeLa cells were transfesd with expression

plasmid for Heagged NES mutant, cells were stained with prineiya and secondarg-mouse

Alexa Fluo#88; as described in Chaptorkey. A DAP), B HaDDX3, C (Merge A+B), D (Contrast).

(3): HeLa cells were transfected with expston plasmids for Hagged DDX3-662 and NES

mutant. Cells were stained with-Ha antitlbdy anda-mouse Alexa Flue488. High content analysis

of nuclear/cytoplasmic ratio was carried out using the GE IN Cell analyser as described in Chapter 2.

NES

h-Ha
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Mutagenesis of NES regions by substituting the leucines to alanines is reported

to disrupt the binding of CRNl to the NESAskjaer 1998; Guttler et al. 2010
semiendogenous immunoprecipitation was carriedtpto test if Hatagged DDX3
WT or nutants interacted with endogenous CRM Briefly HEK293Ts cells were
transfected with expression plasmids for témged constructspnamely for wild
type DDXS3, theN-terminal deletion mutant 13%62 and the NES mutangnd
immunoprecipitation was performed usingan a-CRM1 antibody (Novus
Biologicals) Cell lysates were incubated with-CRM1 bound sepharose beads
supplemented with recombinannon-hydrolysable RanQ69ETP. fie RanQ69L
GTP was added to the binding reactito increase the affinity of CRMfor the NES
(Gdttler et al. 2010)In Figure3.12, HaWT interacted with CRM, however the Ha
NESmutant and Hal39-662 did not interact with CRM, suggesting DDX3 can

interact with DDX3 and that the NES region is requicedhis interaction.
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72 kbDa——> |
a-Ha

Figure3.12. WT DDX3 céPs with endogenous CR# stronger than NES mutant and 13%2.

233ts were transfected with HeaggedWT DDX3, NES mutant and 483. Protein G sepharose
beads §igmag were incubated witra-CRM1 antibody, and blocked with 5% BSA in B&%n. Cell
lysates were added to beads alongside #gmrolysable HiRanQ69GTP and washed three times
in PBSween. SDSPAGE gel electrophoresis and selnji transfer was carried out as per materials
and mehods. Blots were probed witha-CRM1 (NovusBiologicals)and a-Ha Covance.
Representative blot of two experiments.
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3.3.52. The NES of DDX3 sufficient to restore nuclear export of export
deficient mutants

| next investigated whether theNES sequence (&2 aa) was sufficientto
facilitate the export of DDX3rom the nucleus to the cytoplasm, using an apptoac
previously used to characterizke NES of other protein&hevalier et al. 2005J o
this end, | affixed the %22 aminoeacid region of DDX3 to the-tdrminus of the
export deficient mutans 130-663 and 139-662. The NE$30-662 and NE339-662
mutants were then overexpressed in HelLa cells, and treated with LMB to test if the
NES conferred CRM dependent exporiFigure3.13).The NES30-662 and NES
139662 hada cytoplasmidocalisdion in untreated cells an@ nucleardocalisdion
in LMB treated cells.

Therefore, the NES region restored cytoplasitomalisaion of the nuclear N
terminal truncation mutants 1362 and 13%62. This demonstrated that the NES
of DDX3 is functional and sufficient to export DDX3, anedliates export ofDDX3

in a CRML dependent manner.
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NES-130-662
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NES-139-662

Ha-139-662
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Figure3.13: The Nterminal NES (£2) is sufficient to mediate exportoDDX3.

(2): Schematic depicting NHES-terminal mutants which were constructed by adding the NES
containing region (£2) onto Nterminal mutants 136662 and 13%62.(2): HeLa cells were
transfected with expression plasmids for-tgged 139662 or NES39-662.(3): HeLa cells were
transfected with expression plasmids for-éaged 1306662and NES 13662 mutants. Cells were
treated with 20mM LMB for 2 hours or left untreated. Cells were stained with priradgta
antibody and secondarg-mouse Alexa Fluet88.Key. A DAP), B (MyeDDX3, C (Merge A+B),
D(Contrast).
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3.4. Discussion

DDX3 is known to shuttle between the nucleus and the cytoplasm, with a
predominantlycytoplasmic localisation usually being repat{Yedavalli et al. 2004;
Sekiguchi et al. 2004YVithin the literature there is some confusion as to how DDX3
is exported from the nucleus, with studies concerning human DDX3, hamster DDX3
and XenopusAn3 showing conflicting results.

| first tested where DDXS3 localised in a range of cell lines, and found that DDX3
had a predominantly cytoplasmic localisation in all cell lirkgsnan DDX3 has been
shown tobe exported via two proteins, the main mammalian exportin CRMnd
the major nuclar mRNA exporter TAf¥edavalli et al. 2004; Lai et al. 2008y
results showed that DDX3 is exported from the nucleus in a predominantlyICRM
mediated manner. Treatment of HeLa cells with the ERMhibitor LMB resulted
in nuclear accumulation of both overexpeesl and endogenous DDX3 in HelLa cells,
shown by confocal microscopy and nuclear cytoplasmic fractionation. The DDX3
Xenopus laeviaomologue An3 was shown to be exported via CRMiith export
coupled to helicase activitjAskjaer et al. 2000hencel investigated if DDX3 export
was reduced when helicase activity was abrogated. Using the DDX3 helicase mutant
K320E,| found that DDX3 shuttled as normal between the nucleus and the
cytoplasm, suggesting that nuclear trafficking of DDX3 was not coupled to helicase
activity. The An3 paper showed that the helicase inactive mutant interacted as
normal with CRML, and they suggested that DDX3 may be involved in RNA
processing during the nuclear export procdggskjaer et A 2000) Why DDX3's
export was not affected when helicase activity was abrogated is unclear, maybe

there are differences in the ways DDX3 processes RNA compared to An8. To
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knowledge, helicase activity has not been coupled to nuclear export of any othe
proteins.

| next wanted to narrow down which regions of DDX3 are required for its
nuclear export.XenopudaevisAn3 and hamster DDX3 have bobeen shown to
exportin a CRML dependent mannerConverselythe highly conserved-términal
NES was criticdbr nuclearexport in An3 but not in hamster DDXBAskjaer et al.
2000; Sekiguchi et al. 2004 studyusing human DDX3 showed that theédminal
NES was not required for CRIVbinding, and in fact the-@rminus of DDX3 was
required for binding Yedavalli et al. 2004My study found that the NerminusNES
of DDX3 is required for nucle&xport. Mutagenesis of DDX3's NES resulted in
nuclear accumulation of DDX3. The NES was also capable of restoring nuclear
export to previosly export deficient mutants.dlso showed that DD3s Nterminal
NES was required for binding to CRMNESike sequences occur quite often in
proteins, however in order to be functional NESs usually occur witherminal, C
terminal or unstructured regions of the cargas otherwise they are unable to bind
to the CRML docking sitgGduttler et al. 2010)Sincethe DDX3 NES is in the N
terminus, interaction with CRM would be feasibleYedavalli et al.showed that
HIV-Rev and CRM utilised DDX3 helicase activity to export partially spliced and
unspliced HIMNRNAS and thatthe Gterminus of DDX3lirectly interacted with
CRM1 in a Rarindependent mannersuggesting that DDX3 was an effector of
CRM1 transport rather than a cargfredavalli et al. 20045ince HARev protein
and DDX3 both contain functional NESshow and whether they both
simultaneously interact wittCRM1 is unclear Yedavalli et al. also showed that

DDX3 localised tdhe cytoplasmic side of the NP€b maybe DDX3 plays a role in

87



restructuring HI\A1 RNA for nuclear export, or plays a role in disassembly of the
REVRNACRML1 complex.

DDXS3 has also been shown to be axpd via TARLai et al. 2008)Since there
are no commercial inhibitors forAP,| did not investigate aole for TARn DDX3
export. Myresults with the CRM. inhibitor LMB would suggest that TAP can only
play a minor rolein DDX3 export. Alsthe NES mutant had &trong nuclear
localisation confirming that CRMislikely the predominantplayer in DDX3 export.
There mightbe a role for DDX3 in the export of specific mMRNAs through-CBM
TAP. It is tempting to think that since CRMhas been shown to play a role the
export of immunologially relevant mRNAs (IFdN1 mRNA)Kimura et al. 2004)
maybe DDX3 is involved in this process.

In conclusion, DDXis exported from the nucleus via CRMand DDX3's -N

terminal NES is required and sufficient for GRkhediated nuclear export.
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Chapter 4 : Investigating the Nuclear import of DDX3

4.1. Nuclear import of DEAD box helicases

Ther is little know abouthow members of the DEABox family of proteins
are importedinto the nucleus Since DDX3 must be imported inteetnucleus to
partake in a some of its functions such as regulation of gene promotergjantd
to understand how DDX3 is mediate@DX3 is irolved in the transcription of
proteins involved in a variety of cellular functions, including cell cycle regulation
and innate immune signallin@ghao et al. 2006; Botlagunta et al. 2008; Schrdder et
al. 2008; Soulat et al. 2008)

In the fdlowing passages, the current knowledge on how DEAD box family
members and DDX3 are imported into the nucleus will be discussed.
4.1.1 RAN Dependentimportins

The nuclear import of the DEAi®Xx RNA helicasé/nuclear DNA helicase I
(RHA (also known s DHX) has been investigated. RHA is a nucleocytopglasm
shuttling protein which is involved in multiple steps of gene expression, having an
established role ithe transcription of a range of gendératani et al. 2001; Fuijii et
al. 2001; Myohanen & Baylin 2001} has also been found to be part of the
spliceosome ands involved in processing of transcripfghou et al. 2002)RHA has
also been shown to be involved in viral gene expression, promoting nuclear export
of CTEcontaining RNA and also HIVRREeontainingRNA(Tang et al. 997; Li et
al. 1999)

A study investigating the nuclear import of RHA showed that theri@inus
contained a nuclear transport domaifNichols et al. 2000)A further study

characterised a 19 amino acid NLS within them@inus, which had n@onsensus

89



with other known NLSs such as the classical monopartite NLS, bipartite NLS or M9
of hnRNFAL The RHA NlM&as nonethelessmported via the classical Importa/ b
nuclear import pathway, interacting witmportin- U1 and importin U3 (Aratani et

al. 2006)

The nuclear import of another member of the DEB&X familymember, DDX5
(also knownas p68), has also been investigated. DDX5 is involved in various stages
of gene expression, and is highgtated to DDX17 (also known ag2), sharing 92%
sequence similarity over their central helicase domajbamm 1996)DDX5 has
been reported to reglate transcriptionof a range of genes, in particulaestrogen
receptora (ERa )and p53dependent genegFullerPace & Ali 2008; Endoh et al.
1999; Bates et al. 2005PDX5 is a nuclegtoplasnic shuttling protein, with a
predominately nuclear localisation. DDX5 has been shown to shuttle between the
nucleus and the cytoplasm in a Ran dependent manner, and two functional
classical NLSs and two functional NESs were charactévisedy, Gao, et al. 2009)
The two functional NLSs were found within the helicase core domain and-the C
terminus, and the two NESs wegadsofound within the helicase core domain and
the Gterminus.

There has been no researchuldished on how DDX3 is importadto the
nucleus.

4.1.2 RAN Dependentransportins

As stated previously, Transportin has been associatithl the nuclear import
of a range of MRNA processing proteffsittinger et al. 2004; Truant 1999)DX3
was found to interact with Transportin by tandem Mass Spectrometry (MS)

(Gittinger et al. 2004)However, another research group could restow direct
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binding ofDDX3 to Transportin, and analysigteé DDX3 protein sequence showed
that DDX3 does not contain the RY.S motif which isequired for transportin
binding(Lee et al. 2006)
4.1.3. RAN IndependenCalmodulin

The Calmodulin import pathway has been suggested to be an evolutionary
conserved pathway, involved in nuclear transport ofraall set of proteins in a
Cd*-dependent manne(Sweitzer & Hanover 1996; Hanover et al. 2008 AEbox
family members have been identified as calmodulin binding proteins, subibs,
DDX1, DDX5, DDX11, DDX21, DDX47, DDX49 and (Sbefb et al. 2005; Jang et
al. 2007) DDX1 was shown to interact with calmodulin in & @&pendent but
phosphorylation independent manner, whereas DDX5 interacted in &- Ca
independent and phosphorylatiemdependent manner(Jang et al. 2007)DDX3
has been shown to bind to calmodulin in a?Gadependent but phosphorylation
dependent manneirJang et al. 2007 however whether DDX3 or other DEADX
proteins can be imported via the Calmodulin pathway has not been investigated.
4.1.4. Inhibitors of nuclear import

Recently nuclear inhibitor proteins became available, which will beudsed in
the following sections.
4.1.4.1.Importin a / ibhibitors

RecentlyKosuget al. descriled peptide inhibitors thatnhibited nuclear import.
These pptide inhibitorscalled Bimax 1 and Bimax 2 bind to imporinin the
absenceof importin- and pgrevent cargo release intaucleus(Kosugi et al. 2008)
Structural interaction analysis also confirmed their interaction wiithportin-h
(Marfori et al. 2012) Bimax 1/2 inhibited the importia/i pathway specifically,
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with the importind cargo Snaibeing importednormally in the presence of Bimax
1/2.

Bimax 1/2 ausedan increased nuclear locaison of importin-a, suggested to
occur due to their inhibition of cargo release, thus preventing impeatifrom
recycling to the nucleusrhis prevents further import of cNL®ntaining proteins
because othe unavailability of importira in the cytoplasm.
4.1.4.2 Importazole (IP2 small molecule inhibitor

Also recently, a small molecule inhibitor of nuclear import was described, called
Importazole (IPZ). IPZ bound importirin vitro and disrupted importin /RanGTP
mediated nuclear impor(Soderholm et al. 2011)PZ reversibly blocked importin
mediated nuclear import, and had no effect on transportin mediated rarcle
import. IPZ did not have any effect on CRMnediated export showing that IPZ
does not inhibit allkaryopherirs, and also that RanGTP levels were not affected,
because CRM requires RaisTP to export proteingSoderholm et al. 2011)
4.1.4.3.Calmodulin Inhibitors

Calmodulin inhibitors have been described to inhibit the nuclear import of
proteins which are imprted via the calmodulin/Gad pathway. Calmodulin
inhibitors, such as W13, have been shown to alter the cellatalisationof various
proteins, including the cell cycle regulators §4(Taulés et al. 1999) Cdk4 and

Cyclin DXTaulés et al. 1998)

92



4.2.Aims
In this chapter,| investigatel how DDX3 is importe into the nucleus. We

characerised the regions of DDX@&quired for nuclear imporaind investigatel the
functionality of putative NLsFound within DDX3l. usednuclear import inhibitors to
attempt to specify whainuclearimport factors DDX3 utilises to be imported into

the nucleus.
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4 .3.Results

4.3.1.DDX3 contains two globular RecAike domains which are imported into
the nucleus independently

To definethe regionsof DDX3hat contribute to nuclear import, first tested N
terminal ard Gterminal truncation mutantsof DDX3 N-terminal truncations lack
the functional NES and therefore have lost the ability to export from the nucleus
(Chapter 3. HeLa cells were transfected with expression plasmids feragiged
139408 and 409662 DDX3, folloed by immunofluorescent staining and confocal
microscopy. The 13808 and 409662 both accumulated in the nucleus, suggesting
that nuclear import was facilitated by these two independent regions (Figure 3. A
and B). Sire these mutants are quite smakppoximately 27 kDal wondered if
the overexpressed proteinvas passively diffusing into the nucleusdecided to
increase the size of the truncation mutants bByb-cloning them into a vector
generating fusion protein withGreen Fluoresgcg Protein (GFP).GFP is
approximately 27 kDa, therefore the 4@82-DDX3GFP ispproximately 50kDa.
Proteins greater than 40kDa cannot passively diffuse through the nuclear(pare
Cour et al. 2004) found that the 409662 GFP mutant also localisedtb@ nucleus,
showing that import was indeed facilitated indepemdly by the Gterminus of
DDX3igure4.1). | also cloned other GFRAgged truncation mutants however even
though sequencing showed cloning was successful no GFP protein was detected
when plasmig were transfected intdHelLacellssuggesting a problem with plasmid

expression.
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Figure4.1: The DDX3 truncation mutants 13808 and 409662 are imported independently into
the nucleus, suggesting two distinct regions facilitate nuclear import of DDX3.

(2): A schematic depicting 13808 and 409662 truncation mutants (not drawn to scalé€p): Hela

cells were transfected with expression plasmid for-thlgged 139408. (3): Hela cells were
transfected with expression plasmids for téaged 49-662 or GFRagged 409%662. Heh cells
expressig Hatagged constructs were stained with a primayHa and secondarg-mouse Alexa
Fluor488 antibody.Hela cells expressing GFP tagged constructs were not stalitedd DAP), B

(a-Ha or GFP), C (Merge A+B), D (Contrast).

Ha-409-662

GFP-409-662
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4.3.2Putative NLS foundusing predication software
| decided to use available software to identify putative NLS regions in DDX3. The

software PSORT Il can be used to identify classical NLS sequences in proteins
(Horton & Nakai 1997PSORT Il identified a putative NLS between amino acids 211
and 219 of DDX3, which was within thvegion 139408 that can import
independently. Using site directed mutagenesis we mutated twordwhobic
residues to alaninespamely the lysines at positions 215 and 217. This “NLS
mutation was in generated in full length DDX3 (NL$H62) and @erminal
truncation 1408 (NLS1-408). HeLa cells were transfected with expression
plasmids for Haagged NLS1-662 and NLS1-408 mutant, and treated with LMB

or left untreated. HelLa cells were stained for immunofluorescence followed by
confocal microscopy.The NLS1-662 and NLS1-408 were cytoplasmic in
untreated cells and nuclear in LMB treated cells, suggesting that nuclear import was

not affected by themutation (Figure4.2).
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1 139 200 220 517 662
200 ‘L 220

DDX3 TRPTPVQKHAIPITKEKRDL
NLSmutantl TRPTPVQKHAIPIIAEARDL

| INLS1 1-662
-LMB

NLS1 1-662
|| +LMB

NLS1 1-408
-LMB

NLS1 1-408
+LMB

Figure4.2: Mutation of putative NLS predicted by PSORTII did not disrupt nuclear import.

(1): A schematic depicting the N{1Smutation in both full length and-@rminal DDX3 (not drawn to
scale).(2): HeLa cells were tresfected with an expression plasmid for-tdgged NSL -662 and
treated with 20mM LMB for 2 hours or left untreate(B): Hela cells were transfected with an
expression plasmid for Hagged NSL -408 and treated with 20mm LMB for 2 hours or left
untreated Hela cells were stained with a primayHa and secondarg-mouse Alexa Flue488.
Key A DAP), B (HaDDX3,C (Merge A+B), D (Contrast).
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| next used a new software, Nuclmport which was suggested to identify NLS
better than previously publishesoftware (Mehdi et al. 2011)Nuclmport identified

a putative NLS at amino acids 2884, which is located in an exposed loop in the

protein structure of DDX3{gure4.3).

(1)

Nuclmport Results on DDX3X Comments
Probability of Import 098
Probability of NLS 0.18
Predicted Class1 255 Probability being Class1 =016
KENGRYGRREQYPISLVLAP
Predicted Class2 d9- Probability being Class2 =0.47
GSGSRGRFDDRGRSDYDGIG
Predicted Class4 253- Probability being Class4=0.03
AMKENGRYGRRKQYPISLYL
Predicted Classo b4~ Probability being Classt =0.02
KDHEDAYSSFLSRSDSRGKSS
Interaction with Imp-alpha Yes Indirect Interaction
Interaction with Imp-beta Yes Indirect Interaction
Interaction with Ran Yes Indirect Interaction

Figure4.3: Nuclmport was used to identify other putative NLS regions in DDX3.

(2): Another putative NLS sequence in DDX3 was found using Nuclmport, which applies a different
algorithm to test for NLS sequence in proteinstiBSORTI(2): The predicted class 1 NLS at aa
259263 of DDX3 is in an exposed loop, shown here using Pymol.
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| first mutated two arginine residues 259 and 260 to alanines in tteri@inal
truncation mutant 3408 (NLSZA). Further mutagenesis to ¢hputative NLS was
carried out with a total of four amino acidhanged to alanines (NL22, (Figure
4.4). HelLa cells overexpressing expression plasmids foaddged NLS2 and NLS2
2 were treated with LMB. NERand NLS2 were cytoplasmic in untreated cells and

nuclear in cells treated with LMBigure4.4).
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(1) 139 250 275

517 662

255 275

DDX3 KENGRYGRRKQYPISLVLAPT
NLS2-1 mutant  FNGAAGRRKQYPISLVLAPT

NLS2-2mutant «ENGAAGAAKQYPISLVLAPT

NLS2-1 (1-408)
-LMB

NLS2-1 (1-408)
+LMB

NLS2-2 (1-408)
-LMB

NLS2-2 (1-408)
+LMB

Figure4.4: Mutation to putative NLS prdicted by Nuclmport did not disrupt nuclear import of
DDX3.

(2): A putative NLS sequence was found using Nuclmport; two mutants were designed to mutate
two and four key residues to alanine Gterminal truncation (1408). (2): HelLa cells were
transfectedwith expression plasmids for Hagged NSL-2 (1-:408) and treated with 20mM LMB for

2 hours or left untreated(3): HeLa cells were transfected with expression plasmids fetakiged
NSL2 (1-408) and treated with 20mM LMB for 2 hours or left untreatelélLa cells were stained
with a primarya-Ha and secondarg-mouse Alexa Flue488.Key. A DAP), B HaDDX3)C (Merge
A+B), D (Contrast).
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| then thought that the Nterminus might have some role in nuclear import
since the NLS predictor software Nmglort predicted a putative NLS in the- N
terminus of DDX3(Figure4.5). | decidedto create an NLS2 mutant which had
both the Nterminus and @erminus truncated, NLS2 139408. As earlier stated,
truncation of he Nterminus prevents nuclear export of DDX3 from the nucleus.
The 139408 mutant localised to the nucleasd cytoplasm, as dithe NLS22 139
408 mutantin HelLa cellsHigure4.5). HoweverNLS22 139408 mutantlocalised
less to the nucleus, suggesting that nuclear impeais impaied but not completely
hindered. Tis would suggest thahe NLS identified by Nuclmport software plays a
role in nuclear import of DDXBpowever DDX3'$N-terminus also plays a role in
nuclear import All together, evidence would suggest that the putative NLSs

identified by Nuclmport softwarare not critical forDDX3's nuclear impart
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(1)

139 408

255 275

DDX3 KENGRYGRRKQYPISLVLAPT
NLS2-2 mutant K ENGAAGAAKQYPISLVLAPT

(2)

Figure4.5: Mutation to putative NLS predicted by NucImport did disrupt nuclear import of 39
408 mutant.

(1): A putative NLS segmce was found using Nuclmposite mutants of four key residues to
alanine in a Nerminal andGterminal truncation (139408). (2): HeLa cells were transfed with
expression plasmids for Hagged139-408 and NSL2.2 13W8. HeLa cells were stained with a
primarya-ha and secondargi-mouse Alexa Flue488.Key. A DAP), B (HaDDX3,C (Merge A+B), D
(Contrast).

139.408
-LMB

NLS2-2 139.408
-LMB
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3.3.3 Investigating the nuclear import of DDX3 using import inhibitors
Since mutagenesis of the putative NL®$ DDX3 failed to inhibitmport, |

decided to try a different approach to investigate the nuclear import of DDX3. A
range of nuclear import inhibitors have been described in the litera{Uiaulés et

al. 1999; Soderholm et al. 2011; Kosugi et al. 2088) decided to test whether
these inhibitors could affeddDX3mport.

4.3.3.1.Importazole does not inhibit the import of DDX3

Importazole (IPZ) is eeltpermeable diaminquinazoline compound that has
been shown to specifically targéhe transportreceptor importin Iy R iBA & NXzLJIG
interaction with RanGTRPZreversibly block importin-i 0 medfated nuclear
import without affecting transportin M9nediated nuclear import and CRM1
mediated nuclear exporSoderholm et al. 2011)

First, | tested whether IPZ inhibited the import of endogenous DDX3. Since
DDX3 has aredominantly cytoplasmic localisation,is difficult to test if import is
being inhibited. Treating the cells with nuclear export inhibitor L&l IPZ,
allowed us to test if mport has been affectedPZwas added to cells for 4 hours
followed by LMB treatment for 2 hour§~igure4.6). If DDX3 wa prevented from
being importedinto the nucleus, LMBreatment would not result innuclear
accumulation of DDX3.found that IPZ did not inhibit thémport of endogenous
DDX3, aBDX3accumulated in the ndeusin cells treated with IPZ and LMBigure

4.6).
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+IPZ 4hrs
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+IPZ 8hrs
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Figure4.6: Nuclear import of endogenous DDX8 not affected by the Importiri inhibitor

Importazole (IPZ).

(1). Schematic showing that if DDX3 imports via ImpadrtitPZ treatment for 4 Hrs followed by 2 hrs
LMB treatment would result in nuclear accumulation of DOXBHeLa cells were treatedgith

40uM IPZ for 4/8 hours and treated with 20mM LMB for 2 hours Cells were stained with a primary
a-DDX3 and secondaayrabbit Alexa FlueA88.Key. A DAP), B &-DDX3), C (Merge A+B), D
(Contrast).
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Since Ihave shown that the different domains ofDDX3 an be imported
independently, | then testedhese donains separately with IP#Zeatment. HelLa
cells were transfected with expression plasmids fortatzged 139408, 409662 or
1-408 and treated with IPZ for 4 hours. Th&ld8 mutant was also treatedith
LMB to inhibit export, while thexportdeficient139-408 and 409662 mutants did
not require LMB treatmentHI\(Rev protein was used as a positive control for IPZ ,
since HIWev can be imported via importin (Henderson & Percipalle 1997s
shown inFigure4.7, IPZ treatment did not inhibit import of 13808 and 409562,
with both mutantshaving a nuclealocalisationdespite IPZ treatment. The-408
mutant had a nuclealocalisationafter treatment with IPZ and LMB, meaning that
its import also was not blocked by IPZ. The control proteinreNVwas more
cytoplasmic in cellreated with IPZ, showing that the IPZ treatment was able to
inhibit Importini mediated import under the conditions used.

In conclusion, found that IPZ failed to inhibit import of DDX3, suggesting that

DDX3 is imported inanimportin - A Y RSLISY RSy G YI yy SNJ
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-IPZ
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+|PZ 4hrs
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Ha-409-622

+IPZ 4hrs

-IPZ
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Figure4.7: Nuclear inport of DDX3 truncations is not affected by the Importininhibitor
Importazole (IPZ).

HelLa cells were transfected with expression plasmids fotablged Rev, or DDX3 truncation
mutants. HelLa cells expressing Rev,-439, 409662 were treated with 40M IPZ for 4 hours. HelLa
cells expressing plasmids fo 408 were treated with 40M IPZ for 4 hours and with 20mM LMB for
2 hours. Cells were stained with a primaryHa and secondarg-mouse Alexa Flue488. Key. A
(DAP), B &-Ha), C (Merge A+B), D (Contjas
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4.3.3.2.Bimax inhibitors do not inhibit nuclear import of DDX3
Bimax inhibitors are peptide inhiors designed to bind importif.

Overexpession of Bimax inhibitors antagonizes the impoftincargo release
mechanism, resulting in nuclear accumutatiof importinh and importini . The
exclusion of importind  from the cytoplasmresults in inhibited importiA
mediated nuclear impor{Kosugi et al. 2008)

| tested if nuclear import of DDX3 could be inhibited by Bimax inhibitors. To this
end, HeLaells were transfected with expression plasmids for-fegged Bimax 1,
Bimax 2 or Control vector P@RX, alongsidthe SVAONLESFP as control. As
before, snce DDX3 is normally localised in the cytoplasm, to assesmport was
inhibited we treaed the cells with LMB, blocking the nuclear export of DDX3. If
import has been inhibited, treatent with LMB should not resulin nuclear
accumulation of DDX3HelLa cells were fixed and stained for immunofluorescent
confocal microscopy. As shownhkigure4.8, overexpression of BimeX resultedin
an increase otytoplasmic SVA0ONIE-P, suggesting that the inhibiteas working.
After treatment with LMB, DDX3®ocalisel to the nucleus in cells expressing
plasmids fo Bmax 1 Bimax2 and pCMGRX. In conclusion, Bimax inhibitors did

not inhibit the import of DDX3.
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Bimax 2
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pCMV- GRX

+LMB

-LMB
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Figure4.8: Nuclear import of DDX3 is not inhibited by the Importininhibitors Bimax 1 or Bimax

2.

(1): HelLa cells were transfected with expression plasmids fortigged pCMMVGRX, Bimax 1 and
Bimax 2, and gfpagged SV4OILS. Cells were stained with a primarflag and secondarg-mouse
Alexa Fluo94. (2): HeLa cé$ were transfected with expression plasmids for flagged pCMVY
GRX, Bimax 1 and Bimax 2. Cells were stained with a praviaBX3 and secondastrabbit Alexa
Fluor488, and a primarg-flag and secondarg-mouse Alexa Flues94. Key. A DAP), B 4-DDX3),
C (Merge A+B), D (Contrast).
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4.3.3.3.Calmodulin inhibitors do not inhibit nuclear import of DDX3
Sincemy results suggested DDX3 is imported into the nucleus in an importin

independent manner, hext decided toinvestigatethe Calmodulin/C& nuclear
import pathway. Calmodulin inhibitor W7S{gma) has been shown to inhibit
nuclear import of proteins thatitilise the calmodulin/C&" nuclear import pathway,
such as P21Taulés et al. 1999Here lusad P21 as a control. HelLa cells were
transfected with expression plasmids for témged DDX3 and P21, followed by
treatment with W7.As bebre, LMB was also added to prevent export of DDX3. If
import was inhibited, treatment with LMB should not result in nuclear
accumulation of DDX3s shown irFigure4.9, DDX3 localised to the nucleus after
treatment with W7 and LMB, suggsting that the inhibitor had m effect onDDX3

nuclear import.
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(1)

\

v

Ha-P21

Ha-DDX3

Figure4.9: Nuclear import of DDX3 is not affected by the Calmodulin inhibitor W7.

(2): Schematic showing that if DDX3 imports via calmodulin, W7 treatment for 4 Hrs followed by 2
hrs LMB treatment would result in nuclear accumulation of DIIX3HeLa cells were transfected
with Hatagged DDX3 and P21 followed by treatment wittm@®nl W7 for 4 hours. Cells transfected
with HaDDX3 were also treated with 20mM LMB for 2 hours. Cells were stained with a pamary
Ha and secondarg-mouse Alexa Fluet88.Key. A DAP), B (HaDDX3, C (Merge A+B), D

(Contrast).
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4 .3.Discussion

DDX3 namally has a cytoplasmic localisation, howeitas constantly shuttling
in and out ofthe nucleus. There have been no studies publistadxbut the
regulation ofDDX3 nuclear import, hence we decided to investigate how DDX3 is
imported into the nucleus.

| found thatthe two globular RecAike domainsof DDX3 areémported into the
nucleus independently. The 13®8 and 409662 mutants were localised to the
nucleus in HelLa cells, showing that DDX3 has more than one region responsible for
nuclear import. Witln the region 139408 two separate NLS prediction software
(PSORTII and Nuclmport) predictedsslaNLSs at different regionowever, when
key basiaesidues were mutated to ime alaning import of DDX3wvas notclearly
affected, suggestinghat these ptative NLSs are not critical for nuclear import
Therecan bemany reasons why the putiae NLSwithin 139408 were not critical
for nuclear import for exampleimportin-a may not be able to bind these NLS due
to their localisation wihin a structured region of DDX3, this would not be the case
for the NLSs situated at an exposed lo®p.note, there waso putative NLS found
within the 409662 region, suggesting that a naiassical NLS must occur within
this region as itvasimported sufficiently on its own.

Recently, inhibitors of nuclear impomvere described Using two different
inhibitors for importinb mediated pathways| wasable to test whetherDDX3is
imported va importina / dr importin-b. My results suggesthat DDX3s imported
independently of importirb, with DDX3 being imported as normafter using both
the importin-b inhibitor IPZ or the themportin-a / Bimax inhibitors | found that

DDX3 coulde imported independently via two separate regions, however import
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of truncation mutants waslsonot sensitive to IPZ. Miesultssuggest that neither
region of DDX3 ismported via importinb suggesting that DDX3 is imported
independently of importiFb .

After my exhaustive search for NLSs and testing various impartiribhibitors,
| then decided to look at other import pathways. DDX3 has previously been shown
to interact with calmodulin, which has been suggested to play a role in import of a
small set of protens (Jang et al. 2007; Sweitzer & Hanover 1996; Hanover et al.
2009) The calmodulin inhibitoW7 did not affect nuclear import of DDX3 in our
assays A previous paper showed tha21"¥°P!\as imported in a calmodulin
dependent manner, with a calmodulin inhibitor causing cytoplasmiiocalisation

of p2 1waf1/cip1

(Taulés et al. 1999)herefore it was used as a positive control in
assayHowever another paper suggested that bindiofgcalmodulin top21+3™/cP?
inhibits phosphorylation ofp21"2™/°P! at Ser153within its bipartite NL®y protein
kinase C (PKC), resulting in inhibition of nuclear img&bdrigueVilarrupla et al.
2005; Rousseau et al. 1999 search for the highly conserved SOX protein family
CalmodulinNLS (Kaur et al. 2010)n DDX3 using PROSITE resulted in no hits,
suggesting DDX3 does not contain this CalmoeNLs.

My data suggestthat DDX3 is imported in a manner independent of importin
a / dand calmodulin. DDX3 could potentially use the nuclear import protein
transportin, which has been reported to facilitate the import of a range of mRNA
processing proteinglLee et al. 2006)DDX3 was shown totaract with trangortin
1/2 by tandem MS irone study, however another research group was unable to
show directbinding of DDX3 to transportiar identify a PYNLS in DDXS8 protein

sequencgGlttinger et al. 2004; leeet al. 2006)Using PROSITEI$0 searched for
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a PYNLS in DDX3btainingno hits. DDX3 could still potentiallige imported via
transportin, maybe through adifferent NLS.The basic residue enrichedlike
import receptor binding (BIBhotif characteised inRL23Ahas been described to
interact with transportin and importitb, and recently has been suggested to
represent a distinct NLS sequen¢#ikel & Gorlich 1998; Kimura et al.12)
However, DDX3 was not shown to contain a BIB like NLS in this(Kiudyra et al.
2012) Perhaps DDX3 can interact with transportin but only after spepibist
translational modification. & example STAT1 contains no classical NLS however
after tyrosine phosphorylation STAT dimerises resulting in a functional
arginine/lysine rich NL@elen et al. 2001; Fagerlund et al. 2002} there are no
inhibitors of transportinpresentlyavailable, we were unable to investigate whether
DDX3is imported in ths manner. The role for transportin in importing DDX3 could
be investigated using knockdown experiments of transportin, this however would
inhibit both direct and indirect trangprt via transportin.

It is possible that DDX3 does not diredtiyeract with nuclear import factors.
Perhaps DDX3 can "piggy back" into the nucleus in complex witther protein
which contains an NLSOn the other hand, aclear import of some proteinbas
been shown to occur independently of nuclear import factotisrough direct
interactions with components of the NP(Sachdev et al. 20000sDDX3 has been
shown to localise to nucleoporins at the cytoplasmic side of the NPC, it is not
implausible that DDX3 coulak imported through direct interactions with the NPC.
This coud be investigated in import assays with digitonin permeabilised cells in the

absence of cytoplasmic factors.
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In conclusion, how DDX3 is imported int@trucleus is still unclear. Herdave
shown DDX3imports independently of the classical import pathwaand the

calmodulin pathway.
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Chapter 5 : Regulation of DDX3 localisation by viral infection

5.1. Introduction

DDX3 has a range of distinct functions in the nucleus and the cytoplasm. In
chapter one we introduced DDX3 functions in mRNA procgssithe nucleus and
the cytoplasm.In addition to that,DDX3 has been shown to play a critical role in
innate immune signalling and also to be a target for various viruses. In this chapter
the role of DDX3 in innate immursggnalling and the viral targi@g of DDX3 will be
discussed.
5.1.1 The role of DDX3 in the immune system

The immune system allasvorganisms to fight pathogens and is comprised of
the innate and adaptive systems. Thenate immune system is the first line of
defence. Innate immune csllexpress Pattern Recognition Receptors (PRRs), which
recognise PathogeAssaiated Molecular Patterns (PAMPs) and endogenous
DangerAssociatedMolecular Patterns (DAMPand initiatean appropriateimmune
response (Medzhitov 2001) PAMPsare molecules associated twi pathogers,
which alert anorganism to intruding pathogen®AMPS arenolecules releasetly
stressed cells which act as endogenous danger signals to promot®n-
infectious inflammatory responseDifferent PRRsrecognise specific PAMPSs,
allowing the oganism to mount a response to a broad range of pathogens.

Currently, six different families of PRRs have bidentified, with the ability to

recognisea large range of different PAMPs
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1 Membrane bound PRRs
o Toll like receptors (TISR
o Gtype Lectin recefrs (CLB)
1 Cytoplasmic PRRs
0 Retinoicacid inducible genes (RIreceptors (RLIR
o NODlike receptors (NL$
o AimZlike receptors (ALRS)
0 other cytosolic DNA receptors
Recognition of viruseby the innate immune systens medided mainly by a
specialied groups of TLRs, the RLR®d DNA receptorsThe antiviral Tolklike
receptorsinclude TLR3, TLR7, TLR8 and TLR9, which recegalsnucleic acids
within the lumen of the endosome. The RLR famdgognies viral RNAs irthe
cytoplasm of cellsRecentlymany newPRRdor cytoplasmic DNA recognition have
been described, includinpNAdependent activator of interferon (IFNggulatory
factors (DAl (Takaoka et al. 200,/absent in melanoma 2 (AIM@urckstimmer et
al. 2009) RNA polymerasBl (Pol 1l1), leucineich repeat (in Flightless 1) interacting
protein-1 (Lrrfipl)(Yang et al. 2010PDEXD/H box helases (DHXDHX36 DDX4)
(Kim et al. 2010; Zhang et al. 2011gnd the IFNinducible protein IFI16
(Unterholzner et al. 2010he sensing of PAMPs or DAMPs by PRRs results in the
expressionof genes encoding prmflammatory cytokines, type | terferons,
chemokines and antnicrobial proteins.Activation of most PRRs leads to the
activation of the transcription factor NF .and prceinflammatory cytokines. In
addition, anttviral PRRs also activateNreguatory factor (IRF3 and IRF7Agading
to induction type | IFNS, potent antiral cytokines.

Type | interfeons are produced in response to antral signallingwith TLRS3,

TLRA4, the RisRandcytoplasmicDNAreceptorsall utilising thekinases TBKITANK
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associated NF . 0 lefR LYY A Y KA @A U Jaedphesihorglaie and

activate IRF3/7asdepictedin Figure5.1.
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Figureb.1: Antiviral signalling leading to type | IFN production.

Recognition of viral and bacterial components by hostgrat recognition receptors (PRRSs) triggsignalling pathways that induce production of type | IFN. Viruses enter

cells either by fusion at the plasma membrane or by endocytosis followed by fusion with the endosomal membrane, andcetiteydptoplasmViruses that reach the
cytoplasmic compartment produce dsRNA during replication, which is recognised by the REHR(RMDAS5) and dsRNAlependent protein kinase (PKR). RIsgnals

via the adapor MAVS, subsequently activatifi®@K1lKke and IRF3. Yises that enter endocytic compartments are recognised bylikellreceptors, TLR3, TLR7, TLR8, and

TLR9. TLR9 recognises unmethylated CpG motifs of viral and bacterial DNA. TLR7 and TLR8 recognise ssRNA from RISAedogsesed dBRNA motifs afth types

of viruses. Cytosolic DNA sensasch Lrrfip]l recognise viral DNA 2 Ay RdzOS LCbi @Al LwCo {i-dtdanded viRliDNOto indugeyTBIRF3 ! L Ol v
RSLISYRSY(d LCbi LINRPRdzOGAZ2Y® LCLmc OFYy RANBOGtE& 0AYyR @KBK:and IBRRIEpendeht marfnér@ANAT L b v nn
polymerase Il (Pol 1ll) genéea dsRNA intermediate that are ligarfds RIGI. All of these PRRs can activate production of type | IFNs.
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There are three members of the Rid®nily: Retinoic acidnducible gene | (RIG
), melanoma differentiatiorassociated antigen 5 (MDA5), and laboratory of
genetics and physiology (RGP2fYoneyama & Fujita 2007; Akira et al. 200)Rs
contain a central DExD/blox helicase domain and at€minal reguléory domain,
and RIGI and MDAS also contain two-fdrminal caspase recruitment domains
(CARDs), whereas LGP2 does R8&l recogniss p -triphosphate end of RNA
followed by a short ds regiofup to 1 kb), whereas MDAS detedisng dsRNAs
(more than 2 k), such as polyinosinic polycytidylic acid (poly (K3jto et al.
2008) Upon dsRNA recognition, RIGr MDAS localise to the outer membrane of
the mitochondia wheretheir N-terminal CARD domains interact with the CARD
domain of MAVS (also known as1BS/ISA and Cardiff). Activated MAVS recruits
the L ¢ . 11Ky and BANKoinding kinase 1 (TBK1), whiphosphorylate IFN
reguatory factor (IRFB and IRF7resulting in type I IFN inductiofCaillaud et al.
2005; Sharma et al. 2003)

The cytoplasmic DNRRRs utilise adaptor molecules to signal to members of
the IRF family to promote type | interferon inductiobHX9 and DHX36 recruit
MyD88 to activate Ikl mediatedphosphorylation of IRF7 and type | IFN induction
(Kim et al. 2010)0n the other hand, during RN#ol 11l DNAecognition RNApol Il
produces a dsRNA intermediaterhich then activatesRIGI and MAV3Ablasser et
al. 2009) IFI116 utiliseghe endoplasnic reticulungresident protein 8mulator of
interferon genes (STING)hich then signals downstream to TB&linduce type |

interferons(Unterholzner et al. 2010)
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The role of DDX3 in innate immune signalling was exposed in studies
investigating how vaccinia virus evades innate immune response. Vaccinia virus
(VACV) protein K7 was shown to interact with DDX3 and that thisactten had a
potent inhibitory effect onTolkike receptor (TLRJependent and-independent
LwCokT | OGA@I A 2(Bchrodgriet al 20B8DDXB ywiR stadin k02 Y
Ay i SNI OG0 Sehdairusinfécyed cells yaind to enhance IRF3/7 activation
I YR A Y RdzO {{Sctader eg &. 20083 AniNterminal DDX3 deletion mutant
(aa 139662) lost the ability to enhance activation of the BfNomoter (Schroder
et al. 2008) Interestingly, K7 binds to the-tdrminus of DDX3 between residues-81
90 (Figure5.2) (Oda et al. 2009)and binding of K7 to DDXS3 inhibits its antiviral
function. Sitedirected mutagenesis showed that the residues Phe84 and Phe85 in
DDX3 were required to induce IBENromoter activaton. Phe84 and Phe85 also
mediate binding to the vaccinia protein K7. Therefore, it seems that the residues
tKS yn YR tKS yp IINB (GFNBSGSR o6& +!/ + |
the induction of type | InterferonfOda et al. 2009) Recently, we have shown that
DDX3 acts as a downstream scaffold adaptor duringlRIGA A Ay | £ f Ay3Z YSR

activation and couplinthe activated kinase to IRF3 (Gu et al. 2013).
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Figureb.2: Stucture of KZDDX3 complex.
K7 is shown in blue ribbons, and the DDX3 peptide (&832n the yellow stick model. Taken from
Oda et al. 2009.

DDX3 has also been identified as a FBldstrate and transcriptionakgulator
of the IFNb promoter. Soulatet al. identified several serine/threonine residues
within the two recAlike domains of DDX3 as TBK1 phosphorylation Beslat et
al. 2008) They also showed that thegdosphorylation sites were required for IEN
induction, assite directed mutgenesis of these sites resulted reduced IFN
induction. Using chromatin immunoprecipitation, the authors also showed that
DDX3 was able to bind directly to the B-Bnhhancer region upon infection with

Listeria monocytognes in an IRF3 independent mann@oulat et al. 2008)
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DDX3 has also been shown to be a component ofMi#&/Scomplex through
Yeast2-Hybrid studies. It was shown tela positive regulator oMAVSmediated
IFNb induction and the interaction site witMAVSwas mapped to the @&rminus
of DDX3(Oshiumi, lIkeda, et al. 2010pDX3 was also shown to bind Poly I:C and
viral RNA in solution; and the authors suggested that DDX3 may be an initial sensor
of viral RNA, intensifyindMAVS signaling before sufficient levels of RlGare
inducedin an IFNdependent mannef{Oshiumi, Ikeda, et al. 2010)

In summary,DDX3 hadeen shown to regulate type | interferon production
with potential effects inboth the nucleus and the cytoplasm. DDX3 has been
implicated at three stages of the IBMctivation pathwayl. After viral RNA sensing
by RIG/MDA-5, DDX3 has been sk to be a component of théPS1 complex
(Oshiumi, lkeda, et al. 201®. Downstream of theMAVScomplex DDX3 has been
shown to interact with IK&(Schroder et al. 2008nd TBKXSaulat et al. 2008)
with these interactios presumablytaking place in the cytoplasn3. Downstream
of TBK1 and IKKin the nucleus, DDX3 has been shown to bind directly to the IFN
promoter, potentially after being phosphorylated by TBK1 at residues within the
two recAlike domains of DDX@&oulat et al. 2008)igure5.3, depicts thevarious
stages of the IFN induction pathwalyat DDX3 has been implicated with roles
both in thecytoplasm and the nucleus. Oshuet al. suggestd that DDX3 interacts
with the MAVS complex constitutively, however this was shown in cells
overexpressing DX3(Oshiumi, Ikeda, et al. 20%0)hereas its interaction withkke
occured after viral infection(Schroder et al. 2008 nd it interacted directly with
the IFNb promoter enhancer region upon infection withisteria monocytogenes
(Soulat et al. 2008)it is not implausible that DDX3 could interact wWi#t81 at the
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mitochondriafollowing MAVS activatioand alsowith IKke following viral infection
since Kke has been shownto be recruited to themitochondria after MAVS
activation (Meylan et al. 2005) It might thus be a possibility thaDDX3 is
responsible for theecruitment of Kketo the mitochondria.

It is also possible that DDX3 participates in signalling events in the cytoplasm
before it translocates to the nucleus to bind to the bipfomoter. Investigating the
subcellular localisation of DDX38 uninfectedand infected cellsnight thus help to
elucidate what role DDX3 is playing in the induction of type I interferons at different
stages oWiral and bacteriainfections.
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Figure5.3: DDX3 is required for IHNinduction and is a target for viral immune evasion.

Viral RNA binds to either RIG@r MDAS leading to recruitment of MAVS and downstream activation

of the kinases TBK and IKK which are required for the phosphorylation and activation of IRF3.
IRF3 stulates IFK induction. DDX3 has been shown to interact at the level of TBKA(8ckroder

et al. 2008) with the MAVSomplex(Oshiumi, Ikeda, et al. 20J3)d also to directly bind to the Nb
promoter (Soulat et al. 2008 DDX3 has also been shown to enhance MAVS function through regions
in its Gterminus(Oshiumi, Ikeda, et al. 2010yaccinia protein K7 inhibits DDX3 role in inducingy IFN
(Schroder et al. 2008HBV pol also inhibits IBMduction via interaction with DDX@Vang & Ryu
2010).

123



5.1.2. DDX3 istargeted by viruses
DDX3 has been shown to be targeted by usiwiruses, including Vaccinia

Virus, HCV, HBV, and HWMiruses have been suggested to both inhibit and subvert
DDX3 functions to block IFN induction and allow the replication of their genome
respectively.

5.1.2.1.DDX3 is a target for Vaccinia virus

VAC\Ms acomplexenveloped virus belonging to the genGsthopoxviruswhich
is a member of the poxvirus family. It has a linear dotdttanded DNAgenome,
which encodes for approximately 2%f@nes.The central portion of orthopoxvirus
genomes (~100 kb) is highly conserved and contains genes essential for virus
replication, whereas the terminencodes for noressential proteins which are
important virulencefactor andimmune evasion protein€Smith et al. 1997)

VACYV protein K7 evades the host immune systemaligging DDX3. As earlier
stated DDX3 is targeted by VACV protein K7 to inhibit type | interferon induction
(Schroder et al. 2008; Oda et al. 2009)
5.1.2.2 DDX3 is a target for HBV

Hepatitis B virus (HBVs a complex, enveloped virus belonging to the genus
Orthachepadnavirus which is a member adhe Hepadnaviridadamily. HBV @codes
various proteins which allow it to evade detection by the innate immune system
(Wieland & Chisari 2005Jhe genome can be found in twidferent forms a
partially double stranded relaxed circular DNA in the virions and a covalently closed
DNA molecule in the nucleus of infedteells(Kay & Zoulim 2007Yhe covalently

closed DNA molecule is transcribed into pregenomic RNA (pgRNA) in the nucleus,
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which is then exported to the cytoplasm and reverse transcribed into single
stranded DNA.
DDX3is also targetedoy HBV.First, overexpression dDDX3was shown to

inhibit replication of HBV through an interaction witHBV pol. The authors
suggested thatDDX3 inhilis viral DNA reverse transcriptigfwang, Kim, et al.

2009) Later it was shown that HBV pol targets DDX3 in an immune evasion
strategy. HBM Y KA O A G SR 55 - o QK& whicll iessitédl ianhibitdryof ¢ A G K |
IRF3activation andiFNb induction in a manner simitado K7(Wang & Ryu 2010; Yu
et al. 2010)
5.1.2.3.Introduction to HIV
Human Immunodetiency Virus (HIV) is a singiganded positivesenseRNA
virus, belonging d the genuslentivirus which is a member of théRetroviridae
family. The HIV genome consists of a sirgfi@nded RNA that contains 9 open
reading frameswhich canproduce 15 proteinsKigure5.4) (Frankel & Young 1998)
Duining viral infection, HAL enters the cell through binding of the Env
glycoprotein to the CD4 receptor along with the chemokine receptor CXCR4 or
CCRS5. Once in the cytoplasm, the viral RNA is reverse transcribed into proviral DNA
by the viral Reverse Trarriptase (RT) and then enters the nucleus as a pre
integration complex (PIC). In addition to the structural proteins Gag, Pol and Env,
HIV1 also encodes theimportant regulatory proteins Tat and RevTat
(Transcriptional transactivator) is responsible &ativating transcription of the HIV
Long Terminal Repeat (LTR) promoter, wRity (Regulator of virion expressios)
involved in transporting unsplicednd partially spliced viramRNAsfrom the

nucleus to the cytoplasnEmerman & Malim 1998; Fn&el & Young 1998; Freed
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2004) Alongside the structural and regulatory proteins, HIV also encodes accessory
protein Nef (negative effector), Vif (viral infectivity factovjpr (viral protein r) and

Vpu (iral protein u). The accessory proteins are neguired for HIV gene
expression, however they play important roles in immune evasion and
pathogenesigChinnasamy et al. 2000; Freed 2004)

Revfacilitates nuclear exportof unspliced and incompletely spliced mRNBg
binding to the rewesponse element (RRE 350nt structured RNA found in the
introns of unspliced viral mMRNABollard & Malim 1998; Malim et al. 198%)is a
18kDa protein whiclihas been shown téocaliseto the nucleolus ® HI(1 infected
cells and Reexpressing cell@Dundr et al. 1995Rev is exported from the nucleus
viathe CRM1 pathway and interacts with CRMvia itsN-terminal leucinerich NES
(Askjaer 1998 HI\£1 transcription yields 3 differerdized transcripts, ~2 kb, ~4 kb,
and ~9 kb RNA# the early phase of the viral life cycle, th@ kb pre-RNA (which
encodes rev)s exported from the nucleus vialAP,the standard mRNA nuclear
export pathway Upontranslation andmaturationin the cytoplasm, Rev is imported
into the nucleus where itelps to exportpartially spliced~4 kb RNAand ~9 kbvia
the CRML pathway Once in the cytoplasm translation of thd kband ~9 kbRNA
can occur, and also packaging of the genor®idkbRNA into viriongBlissenbach

et al. 2010)
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Figure5.4: Organization of the HIM. genome.

The location of the long terminal repeats (LTRs) and the genes encoded-tyar\ihdicated. Gag,

Pol and Enproteins areinitially synthesied as polyprotein precursors. The Gag precursor is cleaved
by the viral potease (PR) into thproteins: matrix (MA), capsid (CA), nucleocapsid (NC) and p6. The
GagPol precursor undergoes -RRRdiated processing to generate the Gag pmgeand the Pol
enzymes: PR, reverse trangtase (RT) and integrase (INhe Env glycoprotein precursor gpl60 is
cleaved by a cellular protease during transport to the cell surfgemeratingthe mature surface
glycoprotein gp120 and the trammembraneglycoprotein gp4l. The sizes of the genes and encoded
proteins are not to scale. Adapted frofarankel & Young 1998)

DDX3 is an essential cofactor for HIV replication. DDX3 was first linked to HIV
when cells expressing HINat were shown to havencreased levels oDDX3
(Yedavalli et al. 2004pnd arole for DDX3 as a cofactor for the CRMIV Rev
mediated export of HNRNA was suggested. HR&v has its owrfunctional NES
which has been shown to interact witGRM1, sothat it canexport unspliced viral
RNA via CRM. (Askjaer 1998; Giittler et al020) Knockdown ofDDX3 washown
to reduce the miclear export of unspliced HHIRNA, and consequenttp decrease
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viral replication(Yedavalli et al. 2004; Ishaq et al. 2008)davallet al. showed that

DDX3's helicase activity was essential fag thuclear export of HWhRNA. They
also showed that DDXBteracted with CRML Mva its Gterminus, independenbf its

putative N-terminal NES They suggested that DDX®ight play a role in

restructuring cargo RNAs to allow their transport through the naicl@ore

(Yedavalli et al. 2004)

Another study suggested role for DDX3 in unwiding of DNA/RNA through a
unique helicase moti{Garbelli et al. 2011)They showed that DDX3 has a unique
motif which can bind nucleic acids, and is important for RNA/DNA helicase activity.
Targeting of thignotif with a specific peptideesulted in decresed binding of HIV
RNA to DDX3 and a decreasdiVv replicationGarbelli et al. 2011PDX3 has also
been shown to plg a role in translation of HIRNA independdty of its role in HIV
RNA nuclear expof(tiu et al. 2011)

It is undisputed thaDDX3s an important cofactor foHIV replicationhowever
the exact role of DDX3 in HRNAnNuclear export and translational regulation is
unclear. DDX3 could facilitate HRNA exporthrough an interaction withCRM1
and/or HIV rev, or itould play a role in packaging viRINA for export through its
helicase aavity.
5.1.2.4.DDX3 is a targebf HCV

HCV is a singigositive strand RNA virus, belonging to the geHepacivirus,
which isa part of theFlaviviridagamily. HCV infection is a majcause forchronic
hepatitis, liver cirrhosis and hepatocellularcaoma.The genome consists of a 5'
non-coding region (NCR), which includes an Internal Ribosomal Entry Site (IRES), a

single open reading frame that encodes a large polyprotein and a 3{REER
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2000) The polyprotein is processed by cellular and virally encoded proteases to
produce the structural and nestrucural proteins. The structural proteins consist
of the core, envelope glycoproteins and P7; andrbe-structuralproteins consist
of NS2NS3, NS4A, NS4B, NS5A and NS§Bré5.5).

There are sixnajor genotype®f HCV, which are defined by nucleotide
variation. These genotypes can be further divided into more than 80 subgroups.
There is large diversity within HCV, with a58% variation among viral genotypes
and 1530% variation among subgroups and within aykrpatients 15% variation
in nucleotide sequencéimmonds et al. 1993; Bukh et al. 199)e highest
sequence variation is found within the hypanable region of the envelope
glycoproteins E1 and E2. There is little sequence variation found within the 5’UTR
which contain specific sequences and RNA secondary structure that are required for

replication and translation.
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Figureb5.5: Schematic of HCV win structure and genome organagion.

HCV is formed by an enveloped particle harbouring a-gliesrad RNA of 9.6 kb. The genome

consists of a long opereading frame (ORF) encoding a 3010 amino agigppotein. Translation of

the HCV OREF is directed by an IRES within the 5' UTR. The HCV polyprotein is cleadegosd
translationally by cellular and viral proteases into ten different products, with the structural proteins
(Core(C), E1 and E2) lated in the Nterminal third and the nonstructural (NS replcative

proteins in the remainderPutative functions of the cleavage products are shown. Adapted from
(Ashfaq et al. 2011)
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DDX3 haséen shown to interact with HC®oreprotein and is required for HCV
replication (Owsianka & Patel 1999; Mamiya & Worman 1999; Yiale1999;
Ariumi et al. 2007)HCVCoreis a highly conserved basic, RbiAding protein that
forms the viral nucleocapsid and might also regulate viral and cellular gene
expressionMcLauchlan 2000; Nguyen et al. 200Byreprotein is a dneric, alpha
helical protein that can be separated into threlmains, D14 basic hydrophilic
region covering twehirds of the Nterminus (aa $118)), D2 (a hydrophobic
domain of the central domain (aa 11973)) andD3 (the hydrophobic signal
seqence catainingaa174¢191) (Angus et al. 2010; McLauchlan 2000; Boulant et
al. 2005) The D1 region oHCVCoreis important for RNA binding an@ore
oligomerisaton and D2 is required for HCV r€oassociation with membranes
(Boulant et al. 2005; Boulant et al. 2006)CV @re protein plays an important role
in recruiting nonstructural proteins and replication complexes to lipid droplets
which B required for virus productiofMiyanari et al. 2007; Boulant et al. 2007)
HCVCoreprotein has also been suggested to play a roletlie development of
HCC, as it has been shown to alter the expression of genes involved in tumour
surveillancgNguyen et al. 2006)

The function of the HCCore protein interaction with DDX3 is unclear, with
some reports suggesting HCV enhan&DX3 ranscriptional functiongYou et al.
1999)and otherssuggestingHCVCoreallowsthe virus to evade clearance through
inhibiting DDX& anttviral responsdOshiumi, lkeda, et al. 2010JCVCoreprotein
has been shown ctocalise with DDX3 in both the cytoplagiviou et al. 1999;
Mamiya & Worman 1999and nucleus(Owsianka & Patel 1999jhough more

studies have shown a cytoplasmic-looalisation. HC\Core protein has been
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suggested to target the cytopémic function of DDX3; as HChbtre protein co
localises with DDX3 in the cytoplasm in distinct specki€svsianka & Patel 1999)
Recently these distinct HC\Core protein speckles have been shown to occur
around lipid droplets, ando be rich in mMRNA associated proteins such as DDX3
(Ariumi, Kuroki, Kushima, et al. 2011; Péwdaro et al. 2012)The interaction of
DDX3 witithe D1 domain oHCVCoreprotein has been shown to occur via DDX3's
Gterminus with one group suggesiy aa 478611 and anotheraa 553622
(Owsianka & Patel 1999; Mamiya & Worman 1999)

HCVCoreprotein has been shown to enhance the ATPase activity of DDX3 and
the ability of DDX3 to induce QM\fLuc, indicating that DDX3 has a role in
transcriptional rgulation and that this role is targeted by HCWreprotein (You et
al. 1999) Coreprotein has also been shown to interfere witthe DDX3substituted
dedZX-deletion yeast, inhibiting growth ananslational initiation of cappethRNAs
(Mamiya & Worman 1999 Two studies have shown th&tCV replication requise
DDX3(Ariumi et al. 2007; Angus et al. 201®owever, this effect of DDX3 was
found to be independent of itsnteraction with HC\Core protein (Angus et al.
2010)

Another studyinvestigatingthe functional relevance of the HC®oreDDX3
interaction found that HC\Coreprotein abrogateds 5 - 0 Q& BPS1Frednied 2 v
LCbi A yOskizthi) kedly, et al. 2010yhey suggested that th@oreprotein
switches DDX8role inL Cb i A y R 8DAepliéation mmdle Howeve, DDX3's
interaction with HC\Coreprotein has been shown to result in enhancedC and

ISRENduction (Kang et al. 2012)n this study it was shown thahe interaction of
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DDX3 and HC®orecould be lost throuf antigenic variation of th€oreprotein in
cultured adaped virusegKang et al. 2012)

As stated above, HCEore protein has been shown to alteexpression of
proteins involved in cell cycle regulation. DDX3 expression has been shown to be
down-regulated in HCC patients with HCV infect{@mnang et al. 2006and DDX3
has been shown to promote transcription of the tumosmppressorp21*a?/cpl
(Chang et al. 2006; Chao et al. 2006; Wu, Liu, et al. 2DDIX3 has been suggested
to have roles as both tumours suppressor and oncogene, so it is possiblettieat
HCV Core protein interaction with DDX3 could alter DDX3ole in cell cycle
regulation.

In summary, théunctional relevance of the HGSbreprotein-DDX3nteraction
and colocalisation is urlear. The requirement of DDX3 foHCV replication is
potentiallyindependent ofits interactionwith HC\Coreg and the effecof HC\Core
protein on the transcriptionaland translationfunctions of DDX3are unclear.
Possibly some functions of DDX3 are tieggl for HCV replication (for example its
RNA helicase activity), and other functipaach as its role ithe induction of type |
IFNsare inhibited by HCV
5.1.3 Conclusion

During innate immune signalling, signalling events occur within specificdacati
in the cytoplasm and in the nucleus of the cell. DDX3 plays a critical role in innate
immune signalling, with DDX@otentially having roles in both cytoplasmic and
nuclear innate immune signalling ever{&chroder et al. 2008; Soulat et al. 2008)
Mis-localisaton of DDX3 could affect DDX3's role in innate immune signalling, and

pathogens might have evolved the ability to alter DDX3's cellular localisation,
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allowing the pathogen to evade the immune system and possibly utilise DDX3's RNA
helicase activity to prowte viral replication.
5.2. Aims

In this chapterl investigatel the cellular localisation of DDX3 in response to
immunological signalling pathways.also wanted to investigatéhe interaction of
DDX3 with viral proteins. Since DDX3 has been shown tedered for HIV and
HCV replication,decided to focus on viral proteins from HIV and HCV, and examine

if DDX3 cellular localisation was altered by viral proteins.
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5.3.Results

5.3.1.High content analysis to investigate change in locaktion after a range of
stimuli

Due to DDX3's rel in innate immune signalling adIFNb induction, | was
interestedin whether stimulation of cellsould cause a change DD X3 localisation.

High content analysis (HCA) microscopy is a useful tool for quantifying changes in
the nuclear/cytoplasmic locakidion of a protein in cells. Using A®@ne can image
hundreds of cellsimultanouslyand objectively quantify the localisation of proteins

of interest in these cells.

To investigate whether stimulation of cells could change DDX3's cellular
localisation HelLa cells were plated in a -9&ll plae and treated with various
stimuli. | wanted to investigate whether stimulation of immalogical signalling
pathways change®DX3s localigtion, so Itreated cells with Sendai virus (SeV),
Interferonh O LCbOX ¢dzvY2NJ b SOMRriedkiirl (1).0M 2NJ o6 ¢ b
positive control for a nuclear localisation of DDX3, cells were treated with LMB.
Figure5.6, | show that there was nosignificantincrease n the level of nuclear
localised DDX3 after the treatments. There was a possligbtincrease at 1hr SeV
stimulation, however other treatment did not seem to change the localisation of

DDX3.
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Figure5.6: Endogenous DDX3 does not change localisation after treatment with various stimuli.
Hela cells were treated with 20mM LMB for 4 hrs, ®eYme points indicated, IFd for 24 hrs,
TNFa and I:1.Cells were stained with-DDX3 antibody, followed kg~rabbit Alexa Flue#88,
RhodaminePhalloidin andDAPI High content analysis of the nuclear/cytoplasmic ratio was carried
out using the GE IN Cell analyser as describ&hapter 2.

5.3.2.Does DDX3 localisation change after overexpression of IKK
Since DDX3 has been found to interact witheltfOHowing actvation of the RIG

| pathway, Idecided to test if overexpression of kKould affect its cellular
localisationHelLa cells were transfected wistm expression plasmid for flaigjgged
IKKe and treated with SeV for 24 hrs or left untreated. The cellular localisation of
DDX3 did not change in response to overexpression efriikireatment with SeV

(Figureb.7).
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Figureb.7: Overexpression of IK&does not change the cellular localisation of endogenous DDX3.
HeLa cells were transfected with expression plasmididgrtagged IKKand then treated with SeV for 24 hiGells were stained with-DDX3Bethy) and

secondarya-rabbit Alexa Flue#88 anda-flag and secondarg-mouse Alexa Flues94.Key. A(DAP), B(DDX3)C(FlaglKke), D (merge B and C ),(Eherge AB
and C) and F (Contrast).

-SeV

Flag-IKKe

+SeV
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5.3.3.Investigating the relationship betweenHIV-Rev protein and DDX3

5.3.3.1. HIVYRevchanges the localisation of DDX3
DDX3 has en shown to be required for HiRev mediated viral mRNA nuclear

export | decided to testif HI\V\Revand DDX3 ctocalised in HelLa cells after
overexpression of HRev To this endHelLa cells were transfected with expression
plasmids for H&Rey andstained for endogenous DDX3 and-Rlev. Interestingly,
DDX3 cdocalised with H&Rev in the nueolus of theHeLa cellsHigure5.8). DDX3
usually has a predomiantly cytoplasmic localisation. Her&DX3 still had a
predominantly cytoplasmic localisation, however a small amount of DDX3 co
localised with HaRev protein in the nucleolusZ-stack analysis confirmed that Ha
Rev and endogenous DDX3-looalised in the nucleolu®f HelLa cells after
overexpression of HRev protein (Figure 5.9). Since overexpression of HRev
resulted in endogenous DDXBeing enriched in the nucledduthis sugges that

HIV Rev protein required DDX3 in the nucleolus.

DDX3 Rev
II|||||||‘|i|||||||||i||||||||
Ha-Rev
E AF

Figure5.8: Endogenous DDX3 docalises wih HI\-Rev protein i the nucleols.

Overexpression of HiRev protein recruits DDX3 to the nuales, with endogenous DDX®-localisng with
HIV:Rev in the nucleoluCalocalisationpoints highlight the positions of overlapping signals, generated using
Olympus Fluoviev€ColocalisationSoftware. Hela cells were transfected with expression plasmids foRa
Cells were stained wita-DDX3Bethy) and secondargp-rabbit Alexa Flue488 anda-Ha Alexa Flueb94.Key:.

A (DAP), B(DDX3)C(HaRev)D(merge A,B and C),(Ebntrast) and FGclocalisationPoints).
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Figure5.9: Endogenous DDX3 docalises with HIVRev protein in the nucleus.

(1): Zstack image analysis of the effect overexpressidn HiVRev protein has on DDX3's
localisation, with endogenous DDX8-localisng with HIVRev in the nucleolusdelLacells were
transfected with expression plasmids for -Rav. Cells were stained with-DDX3Bethy) and
secondarya-rabbit Alexa Flue488 anda-Ha Alexa Flues94. Shown are -X projections and -X
projections. Key. X-Y projections:A (DAP), B (DDX3),C (HaRev),D (merge B and Cand X-Z
projections:E(DDX3), G (HRev) and H (merg@and Q.

(2): Huorescence intensity profile is presented also as a deaple plot.(A) Red line represents
Region of Interest (ROI) analysed by (B) intensity profile.
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HNM-Rev has been shown to requi@DX3 and the exportin CRMto export
unspliced and patrtially spliced viral RNABnN the nucleus. Since overexpression of
HI\:Rev enriches endogenous DDX3 in the nuclebkeculated that endogenous
CRM1 might also be enriched in the nucleolus. As before, HelLa cells were
transfected with expression plasmids for Hagged Rev, and stained for
endogenous CRM and HaRev. InFigure5.10, in HeLa cells not expressing-Rav
endogenousCRM1 had a diffuse localisatiomn the nucleus However, incells
expressing H&Rev protein, endogenous CRMwasenriched in the nucleolus and
co-localised with H&Rev.Both DDX3 and CRMhave been shown to be required
for efficient HIVRev mediated mRNA export, our results suggest thatR&V

draws proteins requiredor mRNA nuclear export intihe nucleolus of cells.

CRM-1

Figure5.10: Endogenous CRH colocalises with HIVRev protein in the nucleus.

Overexpression of HiRev protein recruitsCRM1 to the nucleus, wh endogenousCRML1 co-
localising with HARev in the nucleolualocalisationpoints highlight the positions of overlapping
signals, generated using Olympus FluoviéadocalisationSoftware. HelLacells were transfected
with expression plasmids for HRev. Cells were stained with-CRM1(Novus Biologica)sand
secondarya-rabbit Alexa Flued88 anda-Ha Alexa Flueb94.Key A(DAP), B(CRML1), C(HaRev),
D (mergeB and C), EContrast) and FJglocalisationPoints).

Ha-Rev
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5.3.3.2.DDX3 interacts with HV-Rev protein
Since overexpression of HRévprotein caused endogenous DDX3 to change

cellular localisation, investigated if DDX3 and HRévprotein directly interacted. |
initially investigated if DDX3 interacted with FHRévusingco-immunoprecipitdion.

To this end, 293Ts weteansfected with expression plasmids for Mggged DDX3
and Hatagged HIWRev protein.Cell lysates were prepared and immunoprecipitated
using an antHa antibody and probed for the presence of ntggged protein. Mye
taggedDDX3 was detected in immunoprecipitates containingR&& and not in control
immunoprecipitates (Figure 5.11). Also, HaRev was detected in the

immunoprecipitates indicating that the immunoprecipitation process sascessful.

Cell lysates IP: Ha(rev)

DDX3

72kDa —>
(Blot Myc)
Rev
13kDa (Blot Ha)

Figure5.11: Myctagged DDX3 conmunoprecipitateswith Ha-tagged HIVRev.

HEK293ts were tranfected with Hatagged HIVRevand myetagged WIDDX3. Protein G sepharose
beads §igma were inclated with antiHa antibody, and blocked with 5% BSA in-B&f®n. Cell
lysates were added to beads and washed three times-lgdiB buffer. SDBAGE gel electrophoresis
and semidry transfer wasand blots were probed witha-Myc (Sigma and a-Ha Covance.
Representative blot of three experiments.
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| next carried outco-immunoprecipitatiors assays to maghe interactionof Ha
Rev with DDX3To this end,HEK293Ts were céransfected with expression
plasmids fo HaRev and Mytagged DDX3 dpDX3 trunciaon mutants. Full length
DDX3 1-139, 1408 and 139408 were expressed with or without HRev. Cell
lysates were prepared and immunoprecipitated using an-Biatiantibody and probed
for the presence of mytagged protein. Mydagged DDX3, 13908 and 1408 were
detected in immunoprecipitates containing H¥ev and not in control
immunoprecipitates (Figure 5.12). Also, HaRev was detected in the
immunoprecipitatesindicating that the immunoprecipitation process wasccessful.

| also confirmed these results by carrying out @8Mdown assays with
recombinant Higagged DDX3 and recombinant GfHRagged Rev. Briefly,
recombinantGSTYFPRevand HisTagged DDX3-408, 139408 and 409562 were
expressed irE.coli GSFYFPRev was thenmmobilised onglutathionesepharose
beadsand Histagged DDX3 proteins were eluatdfecombinant Hidagged DDX3
protein was incubated with GSTYFPRev beads or control empty glutathione
sepharosebeads. Non-bound protein was washed fd using lysis buffer and
subsequently theproteins bound were eluated into sample buffédRecombinant
HI\\Revpulled down recombinant ferminal domain (3408) HisDDX3 confirming
that this is adirect interaction (Figure 5.13). Interestingly neither the 139408

truncation nor the 40922 truncation did interact witlRevGSTYFP.
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Input IP-Ha
A
[ |

1-662 1-139 139-408 1-408

1 662 1-139 139-408 1-408 1-662 1-139 139-408 1- 408

+Rev
1-662 »
1-408 >
(Blot Myc)
139-408~>
1-139 >

Rev > (Blot Ha)

Figure5.12: DDX3 interacts with HARev through residues betweeaa 139-408.
HEK 233ts were transfected with Mytagged WT DDX3;408, 139408 and 1139; with or without

HaRev. Protein G sepharose bea®gMma were incubated witha-Ha antibody, and blocked with
5% BSA in PB®een. Cell lysates were added to beads and washed three times wwBS. SDS
PAGE gel electrophoresis and seiry transfer was carried out as per materials andthods. Blots
were probed witha-myc Sigma)anda--Ha Covance. Representative blot of three experiments.
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Input ®-GST beads Rev-GST-YFP beads

\ \

{1-408 139-408 409-662\ (1-408 139-408 409-662\ (1-408 139-408 409-662\

1-408 >
139-408 —=> Blot
a-His
409-662 >
Blot
Rev—> a-GST

Figure5.13: DDX3 interacts directly with HFRev.

Purified recombinant fullength HisDDX3 or the indicated HBDX3 truncatin mutants were
incubated with recombinant GSTFollowing puldown with Glutathionebeads, interacting proteins
were subjected to SDBAGE and western blot analysis withHis anda -GST. Representative of
three experiments.

5.3.3.3. Overexpression dDDX3 does not affect HARev mediated expression of
Gag protein

Since DDX3 has been shown to be required for-rejNication | decided to
investigate the effects of DDX3 expression of-Ré¢ymediated protein expression.
HI\(Rev is requiral for the nuclea export of RREEontainng mMRNA. Here an
expression plemid pGagRRE was used to monit®Revdependentexpression as
the binding ofRevto the RRE is required for export of Gag mRNA and hence Gag
protein expressionThe expression plasmid pGE&JE was uskeas a control, since
GagCTE can export its mMRNA independently of RevEigure 5.14, GagRRE
expression only occurred in the presence of Rev as expeb@d3over-expression
did not change Rev mediated expressiof Gag protein(GagRRE) nor Rev

independentGag protein GagCTB.
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GAG -RRE GAG CTE

A \
(EV DDX3 Rev DDX3\ {EV DDX3 Rev DDX3\
+Rev +Rev

Blot RN
DDX3

Blot
G

ag
Blot S

Rev
Figure5.14: Overexpression of DDX3 does not change R mediated expression of Gag.
HEK?233ts were transfected with expressigplasmids for GaRRE, aor Hatagged WT DDXS3
andor HIV:Rev. Cells were lysed and subjected to -BBSE gel electrophoresis and sehy

transfer was carried out as per materials anéthrods. Blots were probed with--Gag Centre for
Aids Researctand a--Ha Covancg. Representative blot of three experiments.
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5.3.4.Investigating the relationship of DDX3 and HCCoreprotein

5.3.4.1.HCVCoreprotein co-localises with endogenous DDX3 in distinct
cytoplasmic speckles

DDX3 has been sggsted to interact with HC\Core protein. | decided to
investigate whether HGCZore protein affected the cellular localisation of DDXS3.
HelLa cells were transfected with expression plasmids faiabiged Conl genotype
Core protein, and stained for H&€onl and endogenous DDX3. Figure 5.15,
overexpression of He&onl caused a dramatic redistribution of DDX3, changing
from a normally diffuse cytoplasmic localisation to a distinct cytoplasmic speckle
localisation. Endgenous DDX3 docalised with Ha&Conl in these cytoplasmic

speckles.

Core DDX3

Ha-Conl

Figure5.15: HCVCoreprotein co-localises with endogenous DDX3 in cytoplasmic speckles in HeLa
cells.

Hela cells were transfected wiHatagged Conl and stained withtHa(Covancepand secondara-
mouse Alexa Fluet88, anda-DDX3Bethy) and secondarga-rabbit Alexa Flueb94.Key. A DAP),

B (HaConl, C(DDX3)D (merge B and C),(Energe A, B and C), anddentrast).
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5.3.4.2.HCVCoreprotein prevents the nucleocytoplasmic shuttling
DDX3 interacd with HC\Coreprotein in cytoplasnic speckles in HelLa cells. |

wondered if the recruitmentof DDX3to these cytoplasmic speckles BYCVCore
protein could prevent DDX3 frorshuttling as normal between the cytoplasand

the nucleus.To this end, transfected HelLa desl with expression plasmid fdta-
taggedCoreprotein from a range of HCV isolates, referred to as @éalH77Ha,

and JFHHa. Conl is derived from genotype Ib, H77 is derived from genotype la
and JClis derived from genotype 2a. Cellem subsequently treated with the
CRM1 inhibitor Leptomycin B (LMB)and stained for H&ore protein and
endogenous DDX3HaCore protein from all genotypes co-localised with
endogenous DDX3 in the cytoplasm of caltscells left untreated andn cells
treated with LMB(Figureb.16, Figure5.17, Figure5.18). The expression of Hgore
recruited endogenous DDX3 into distinct cytoplasmic speckles in both the treated
and untreated cells, and th€oreprotein from all genotypes had the samédfect.
Importantly, endogenous DDX3 had a nuclear localisation in cells not expressing the
HCVMCore protein after treatment with LMB suggestinghat HCVWCore protein is

affecting the nuclear shuttling of DDXS3.
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DDX3 Conl

Figure5.16: HCV Core protein from different genotypé3onlof HCV virus prevents shtling of DDX3 into the nucleus.

Hela cells were transfected with expression plasmids for HCV Core proteidifferant genotype Ha&Conland treated with 20mM Leptomycin B (LMB) for 2
hours or left untreated. Cells were stained wdhDDX3(Bethy) anda-rabbit Alexa Flued88 anda-Ha Alexa Flueb94. Arrows indicate cells not expressing
Core protein with nuclear DDX3 after treatment with LNdBy:A (DAP), B(DDX3)C(Hatagged Corg D (mergeAB and C) and E (Contrast).
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DDX3 H77

B C
A .

Figure5.17: HCV Core protein from different genotypes H77 of HCV virus prevents shuttling of DDX3 into the nucleus.

HeLa cells were transfected with expression plasmids for HCV Core protein from different genotyfes1iHeeH77 or HaJcl and treated with 20mM
Leptomycin B (LMB) for 2 hours or left untreated. Cells were stainedanlBX3Bethy) anda-rabbit Alexa Flue488 anda-Ha Alexa Flues94. Arrows
indicate cells not expressing Core protein with nuclear DDX3 after treatment withKéWBA OAP), B (DDX3),C (Hagged),D (mergé&,B and C) and E
(Contrast).

+LMB
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DDX3

Figure5.18: HCV Core protein from different genotypes JC1of HCV virus prevents shuttling of DDX3 into the nucleus.

HeLa cells were transfected with expression plasmids for HCV Core protein from genotyjudsafa teated with 20mM Leptomycin B (LMB) for 2 hours or left
untreated. Cells were stained witl-DDX3(Bethy) anda-rabbit Alexa Flued88 anda-Ha Alexa Flue594. Arrows indicate cells not expressing Core protein
with nuclear DDX3 after treatment with LMBey:A OAP), B (DDX3Y; (HataggedHCV CoreD (mergeA, B and C) and E (Contrast).
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As stated earlier, overexpressed HCCore protein redistributed endogenous
DDX3 proteinin HelLa cellschanging DDX3 from a diffuse cytoplasmic localisation
to a cytoplasmic speckle localisatioHCVCore protein has been previously been
reported to localiseto lipid dropletsin hepatocytesduring HCMnfection. To this
end, | usedHepG2 cellga hepatocyte cell line) to test if DDX®as recruited to
lipid droplets by HC\Core protein. HepG2 celigere transfected with expression
plasmids for Haagged Conland treated with oleic acid(Sigma) overnight to
induce lipid droplets. HepG2 cells were then stained forGgal andendogenous
DDX3(Figure5.19 A). lalsostained lipid droplets using thigsochromedye SUDAN
Il and stained for endogenous DDXS3. Since overexpressed Conl caused a strong
redigribution of endogenous DDX3,cbuld identify the cells overexpressing HCV
Coreprotein. In (Figure5.19 B), HaCon1l overexpressiotausedendogenous DDX3

to localisearoundlipid droplets.
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DDX3 Lipid droplet
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Figure5.19: HCVCon1 and endogenous DDX3-ozalise around lipid dropletsn HepG2 hepatocyte cells line.

(1): HepG2 cellsveretransfected with HaConland treated with oleic acid or left untreated. B: Cells were stained aibDX3Bethy) anda-rabbit Alexa Fluor
488 anda-Ha Alexa Flue594. Key: ADAP), B(DDX3)C(HataggedCord, D (merge B and C) and E (Contra@). HepG2 cells wergansfected with HeCon1l
and treated with oleic acid. Cells were stained vatFDDX3Bethy) anda-rabbit Alexa Flued88 and lipid droplets were stained with Sudan 111 d$ey. A
(DAP), B(DDX3)C(Lipid droplet)D (merge B and C) and(&ntrast).
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5.3.4.3.Coreprotein inhibits DDX3 shuttling through a direct interaction.
SinceHC\Coreprotein causes a rdistribution of DDX3 to cytoplasmic granules

we wondered if a HCZoremutant lacking the ability to interact with DDX3 would

also cause the rdistribution. A Conl Y35A mutant has been reported to lack the
ability to interact with DDX3 (Angus et al. 2010)Here, HepGZ2cells were
transfected with expression plasmids fora-thgged Cofl and a Coil Y35A
mutant. InFigureb.20, overexpression of the H&onl caused endogenous DDX3 to
localise to cytoplasmic granulekowever the Conl Y35A mutant did not change
DDX3 localisation. Theedree of cdocalisation of the mutant HCZore protein

with DDX3 was significantly less than wild type KXW suggesting that DDX3 is
recruited to lipid droplets via a direct interaction with HC¥ure

DDX3's interaction with HCV Conl protein prevenbd X3 from shuttling between

the cytoplasm and nucleus. Since HCV Conl Y35A did not change DDX3 localisation,
we wondered if DDX3 shuttled as normal in cells overexpression HCV Conl Y35A.
To this end, we transfected HepG2 cells with expression plasmididdagged

Conl Y35A protein and subsequently treated cells with the -CRiNhibitor
Leptomycin B (LMB), and stained for-Bare protein and endogenous DDX3- Ha
ConlY35A protein did not inhibit thauclear import of DDX3, as DDX3 localised to
the nucleusin cellsexpressing H&onl Y35A aftetreatment with LMB (Figure

5.21).
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Figure5.20: Conl Y35A mutant does not cause change in DDX3 localisation.

(1): HepG2 cells were transfected with #€@nl and H&onl Y35A mutant and stained withHa
(Covancgsecondary andhi-mouse Alexa Flue488, and a-DDX3(Bethy) and a-rabbit Alexa Fluor

594. Calocalisationpoints highlight the positions of overlapping signals, generated using Olympus

Fluoview Colocalisation Software Key. A (DAP), B (HaCore), C (DDX3),D (merge B and C), E

(contrast) and RColocalisationpoints).(2:t S NE2y Qa O2STFFAOASYd 41 & OF f ¢
co-localisation between HC\Core protein and DDX3. Results represent >10 cells fron2

independent experiments.
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Conl1Y35A DDX3

Figure5.21: HCV Conl Y35A Core protein does not prevent shuttling of DDX3 into the nucleus.
HelLa cells were transfected with expression plasmids for HCV Conl Y35A Core protesataddvith 20mM Leptomycin B (LMB) for 2 hours or left untreated.

Cells were stained wita-DDX3(Bethy) anda-rabbit Alexa Flue#88, anda-Ha Alexa Flues94. Arrows indicate cells not expressing Core protein with nuclear
DDX3 after treatment with LMBey:A OAP), B(Hatagged Con Y35AC(DDX3, D (mergeA, B and C) and E (Contrast).
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5.3.4.4.DDX3 nuclear shuttling is inhibited inHuh7 cells expressing non
replicating full length HCV genome

| was interested in investigating whether HCV r€oprotein changesthe
localisationof DDX3in cells expressing all the viral proteins associated with HCV.
The non-replicating pBRTM/HCV3011 DNA constric (Grakoui et al. 1993)
containsthe entire HCV H77 genotype l1a open reading frameéer the control of
the T7 promoter but lacksi KS o YR p .dyhid oells ExpriedsingS R
T7 polymerase were transfected fdr2h using Ipofectamine200Qvith the T7-
driven pPBRTM/HCVW-BO11 DNA construand control E\(Stevenson et al. 2011))
was also interested in confirmingvhether HCV Core ptein prevented the
shuttling of DDX3. Thereforeglts were treated with Leptomycin B (LMB)r left
untreated, and stained for HCV Core proteiAbcam)and endogenous DDX3
(Bethyl).As shown inFigure5.22, Huh7 ells transfected with thegBRTM/HC\W-1
3011 DNAconstuct expressed HCV Core protevhereas cellsransfected withEV
did not. DDX3 proteinco-localisel with HCV Core in cytoplasmic speckiescells
expressing HCV Core protein, and treatment with LMEdaib cause DDXS3 to
localise to the nucleus. Treatment with LMB caused DDX3 to localise to the nucleus
in control cellstransfected with EV, confirminthat LMB treatment workedn this
experiment. These results confirtmat expression of HCV Core protetauses
DDX3 to localise to cytoplasmic speckles and also pretieatsuclear shuttling of

DDX3.
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HCV DNA construct

DDX3 CORE

Figure5.22: HCVCore proteinprevents shuttling of DDX3 into the nucleus.

Huh? cells were transfected thi expression plasmids fgpBRTM/HC\B011constructand control

EV, and treated with 20mM Leptomycin B (LMB) for 2 hours or left untreated. Cells were stained
with a-DDX3Bethy) anda-rabbit Alexa Flued88, anda-HCV CoreApcam)and a-Alexa Fluob94.

Key:A OAP), B (DDX3); (HCV Cord), (merge B and C), E (merge A,B arah@ F (contrast)n=1.
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5.3.4.5 HCVinfection causes cellular redistribution of endogenous DDX3 in a
hepatocyte cell lines

Using a HCV infection system, weenfirmed whether DDX3's localisation
changedduring HCV infection. Huh7 celishepatocyte cell linelere infected with
HCV virugJ6/JFH genotype 2at MOI=0.5(ie. oneviral partide for every twocells
seeded for 72 hours(Lindenbach et al. 2005) wasals interested in cofirming
whether HCV infection prevented the shuttling of DDX3, therefore cells were also
treated with LMB or left untreated, and subsequensiained for HC\Coreprotein
(Abcam)and endogenous DDXBédthy). A shown inFigure5.23 , in Huh7 cells
infected with HCVDDX3changedfrom a diffuse cytoplasmic localisation to a
cytoplasmic speckle localisation,-lmalising with the HGZore protein in these
cytoplasmic speckled.MB treatment failed @ sequester DDX3 in the nucleus in
cells infected with HCV and expressing HCV Core protein. Bib¥8 localised to
the nucleus in cells treated with LMB and not infected with Ki@dicated by white
arrow in Figure5.23), this confirmed thatLMB treatment worked. These results
confirmed that HCVinfection causes DDX3 te@o-localise with HCV Core at
cytoplasmic specklesand alsathat HCV infection preventhie nuclear shuttling of

DDXS.
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Figure5.23: HCV infection causes DDX3 tologalise with HC\Coreprotein in cytoplasmic
speckles in Huh? cells.

Huh7 cells were infected witHCV virus at an MQ05 for 72h andreated with 20mM Leptomycin
B (LMB) for 2 howror left untreated Cells were stained with-HCVCore(Abcan) and secondary
anda-mouse Alexa Flue488 anda-DDX3Bethy) anda-rabbit Alexa Flueb94.Caclocalisation
points highlight the positions of overlapping signals, generated using Olympus Fl@wiew
localisationSoftware Key. A(DAP), B(HCV CorgeC(DDX3)D (merge B and C),(Eherge A, B and C),
F(contrast) and GCaolocalisationpoints). n=2.
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5.3.4.6 Does HC\Coreexpression change protein expressionf DDX3®

Our previous results showed overexpression of H&We protein and HCV
infection changel the localisaion of endogenous DDX®/e also observed thahe
staining intensity for DDX3 was increased in cells overexpressing Core pidtisin
observation suggested that theremight be an increase in DDX3 protein after
overexpressin of HCVCore protein and HCV infection. To investigate whether
expression ofHCV Core affects the amounts of DDX3 proteinwe transfected
HER93Ts cells with vanyg amounts of construct forHatagged Corl. As shown
in Figure5.24, endogenous DDX3 expression mirrotedt of overexpressed Ha
Conl.In general, there was more DDX3 protein in Sallverexpressing H&onl
compared to cd$ transfected with EV.hEre was less H&onl protein and less
endogenous DDX® cells transfected with the highest amount of HCdre
protein, howeverthis could be due to cell death.

Ha-Conl

A

{250ng 500ng 1000ng ZOOOng\ EV

o-DDX3

o-Tu

Figure5.24: Expression of HéaggedCoreprotein increasedendogenous DDX3 protein expressi.
HER33ts were transfected with varied amounts of an expression plasmid féaadgted HCCore
Conl Cells were lysed and subjected to SBE gel eleaphoresis and semdry transfer Blots
were probed wih a-DDX3 Bethy), a-Ha Corance and a-Tubulin (Abcam) Representative blot of
three experiments.
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5.3.4.7.HCV causes redistribution otlF4E
Since HC\Core protein caused DDX3 to localise to cytoplasmic speckles, we

wondered if the localisation of o#fr RNA associated proteimgssensitive to HCV
Coreexpression We decided to examine the localisation of the RNA helieds¢E
after overexpresion of HC\Core protein. DDX3 has been shown to repress-cap
dependent translation buto promote HCV IREmMediated translation, through an
interaction withelF4EShih et al. 2008 HelLa cells were transfected witbnstructs
Hatagged HC\Coreprotein and stained for endogenowdF4EAs shown irFigure
5.25, overexpression oHataggedHCVCoreprotein resulted in a small amount of
elF4Eco-localising with Ha&Conl in cytoplasmic speckles. The majoritglé¥Ehad

a predominantly cytoplasmic localisation, suggesting thaly a small amount of

elF4Bprotein is recruited to cytoplasmic granulesmpared to DDX3.

Core elF4E
C

Figure 5.25. Overexpression of HC\ore protein Conl causes somelF4Eto co-localise in
cytoplasmic specklewith Coreprotein.

Hela cells were transfected with {#gged HC\WCoreConl. Cells were stained far-elF4EAbcam)

and a fabbit alexaFluor594 anda Ha Covancg anda mouse Alexa Flue488. Cdocalisation
points highlight the positions of overlapping signals, generated using Olympus Fluoview Co
localisation SoftwareKey. A (DAP), B(HataggedCore, C(DDX3)D (merge B and C), ({Bnerge A,B

and ¢ and HColocalisation points).
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5.3.4.7.Does DDX3 localise differently in primary cells compared to
transformed cells?

As stated earlier, DDX3 has been suggested to have a nuclear localisation in
non-transformed cellsand a cytoplasmic localisation in transformed c@lleao et
al. 2006) | decided to test DDX3 localisation in primary hepatocytes versus a
hepatocyte cell line. HepG2ells and primary hepatocytes were grown on
coverslips and prepared for immunofluorescence. DDX3 had a stronger nuclear
localisation in primary hepatocytes compared to transformed HepG2 @a&ljsre

5.26).
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Hep G2

Primary
Hepatocytes

FHgure5.26: DDX3 has a more nuclear localisation in primary cells comparetlansformed cells.
HepG2 cells and Primary Hepatocytes cells were grown on coverslips and staineal pritharya-
DDX3Bethy) and secondara-rabbit Alexa Flue#88 as described in Chapterkey: A (DAP), B(a-
DDX3)C(Merge A+B), DContrast).
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5.4.Discussion

Here lhave investigted the cellular localisationf DDX3in response to viral
infection. SinceDDX3 has beesuggeted to play a role in nuclear signalling events,
for example DDX3 has been shown to bind to theblpidmoter upon irfection
with Listeria monocytogeneéSoulat et al. 2008 | speculated that DDX3 would
translocate to the nucleus in response immunological stimulation. found that
DDX3 localisation did not change drastically in response to a range of stimuli,
namely SeV,IFN, and Il-la/TNFa. A small portion of DDX3 cold still be
translocating to the nucleus in response to Se, it possiblethat only small
amounts ofDDX3are needed in the nucleu®r IFNb induction. Lie cell imaging
could be used to give furthemsight into the real time translocation of DDX3 in
response to various stimull.also found no change in DDX3 cellular localisation in
response to overexpression of K#hd after SeV stimulationin the future, i
would be interesting to examine the localisation of DDX3 in responsthdse
stimuli in moreimmunologically relevant cells, such psmary macrophagesand
dendritic cells

Here lhavealso examined the relationship betweeiral proteins and DDXS3. |
haveshown thatoverexpression oHI\ARev protein can cause DDX3 to accumulate
in the nucleolusof HelLa cells. have also shown thathe N-terminus (1-408) of
DDX3 directlynteracts with HIVRev proteinInterestingly, HIMRev also réocalised
the exportin CRML to the nucleolus, suggesting that HRév recruits proteins
required for the nucleaexport of HIYmRNA into the nucleolughe relocalisation
of CRML1 by overexpression of HIRev had been described previoysipwever to

my knowledge the rdocalisation of DDX3 has not been reported before
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(Zolotukhin &Felber 1999; Daelemans et al. 200RDX3 has been shown to be
part of the T cell nucleolar proteom@arboui et al. 2011)and HIV Tat expression
has been shown to enticDDX3 in the nucleolus of JurKacdls also(Jarboui et al.
2012) Many proteins from RNA virusedocalise to the nucleolus, utilising the
nucleolus to promoteviral replication(Hiscox 2007)Studies have shown that HIV
Tat and HIV transcripts must associate with the nucleolus for HIV replication
(Michienzi et al. 2002; Michienzi et al. 200@) maybe DDX3 plays a roie viral
RNA processing in the nucleolus of HIV infected cells.

Previous studieshave shown that overexpression of DDX3 promoted Rev
mediated gene expressiairough its role in HIV IRA nuclear exportYedavalli et
al. 2004) while other studies have shown that BB promotedoth Revdependent
and independentHIV gene expressiomy being involved iV 1 RNAtranshktion
(Liu et al. 2011)DDX3 hasilso been shown to be required ftranslationinitiation
of complexRNA which contain secondary structures within 5'UTdch asHIV
RNAswvhich containthe TARhairpin motifwithin its 5’'UTR(SotoRifo et al. 2012)in
our hands overexpression of DDX3 did not affect Riependentexpression of HWV
Gag protein. Since there was already endogenous DDX3 in these cells, itbgould
interesting to investigate whether knockdn of DDX3 affectiRevmediated
expression of HIV Gag proteiHI\V\Revis known tointeract with CRML via it's
leucine rich NEShowever recruitment of CRM to the nucleolus does not
necessarily occur due to this interaction.would be interesting toexamine the
HI\ARev protein recruitment of CRIYin the absence of DDX8singknockdown
cells.In Chapter Three, | have shown that DDX3 has a functionglvidi$ can

interact with CRML. Since HARev protein and DDX3 both have functional SIES

165



is difficult to see how both proteins would interact with CRIMat the same timeo
export RREontainng RNA. Since DDX3 is a multifunctional protein, it is not
surprising that HIV utilises the different functions of DDX3 to promote viral
replication. Future wik is needed to further charéerise the various roles DDX3
mightplay in HIV replication.

Here | have also examined the relationshipetween DDX3and HCV Core
protein. We found that HC\Zoreprotein change the cellular localisation of DDX3,
and that HC\Coreprotein prevented the nucleocytoplasmic shuttling of DDNGV
Core protein has been reported to recruit DDX3 to lipid droplets by various groups
(Angus et al. 2010; Ariumi, Kaki, Kushima, et al. 2011; Sato et al. 200®)wever |
am the first to show that HCV prevents the nucleocytoplasmic shuttling of DDX3.
Angus et. al showed that DDX3-logalised to lipid droplets in cells infected with
HCV, however they suggested that Xd% interaction with HCV was not required
for HCV replicatiofAngus et al. 2010HCV infectiorhas also been shown to utiis
Processing Body (PB)nd Stress fanule (SG)components to promote HCV
replication, shutting down translation of cellular mRNAswvhile promoting
translation of viral RNAAriumi, Kuroki, Kushima, et al. 2011; Garaigorta et al. 2012;
Ruggieri et al. 2012Here Ifound that two SGcomponents DDX3 and to a lesser
extentelF4Ewere recruited to cytoplasmic speckles by HCV @mtein. Since the
interaction of DDX3 with Core has been suggested not to be required for HCV
infection, it is possible that in the absence of a CDi2X3 inteaction other SG
components can still beecruited to cytoplasmic granuleés earlier stated, is-
localisation of DDX3 could potentially inhibit many of DDX3 nuclear and cytoplasmic

functions. Mislocalisation of DDX3 has been found in some canceith DDX3
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switching from a nucleato cytoplasmidocalisation to in transformed cel(€hang

et al. 2006) It is appealing to think thahe change from a nuclear ta cytoplasnic
localisationin HCOs caused by DD>3nteraction with HC\Core protein. | have
shown that in primary hepatocytes DDX3 has a nuclear and cytoplasmic localisation,
and changes to a predominantly cytoplasmic localisation in transformed cells. Is it
possble that mislocalisation of DDX3 by H@obre protein might bea causative
factor in HCV associated cancerSeveral studies have implicated inactivation of
p21"ePlin HCV associated cancéRikushima et al. 2001; Feiéeh et al. 2002)
Since DDX3 has been shown to promote ingurctof the tumour suppressor

1waiierl  sequestering DDX3 in the cytoplasm woliketly inhibit expression of

p2
this tumour suppressor

It is remarkable that two different viruses have the ldl@s to change the
cellular localisation of DDX3 in distinct ways. The fact that it is advantageous for
DDX3 to be nuclear for HIV and cytoplasmic for HCV shows that both the nuclear

and cytoplasmic functionsf DDX3can be targeted by viruses to promotaral

replication.
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Chapter 6 : Regulation of DDX3 localisation by cellular stress

During our initial investigations of DDX8ellular localisation, we noticed that
over-expresseddDX3and even truncatioslacking the NESometimeslocalised in
distinct cytoplasmic speckle§Ve hypothesised that these cytoplasmic speckles
were stress granuleuring our investigations into HCV, we showed that DDX3
could also to localise to distinct cytoplasmic speckles after HCV infec{ioN.
infection has beenfound to utilise SGs, both promoting and inhibiting the
formation of SG to promote HCV replicatiphriumi, Kuroki, Kushima, et al. 2011;
Ruggieri et al. @12; Garaigorta et al. 2012)he following sections introduce RNA

granules and the role DDX3 may play in SG formation.

6.1. Introduction to RNA granules

Gene expression can be controlled ptsinscriptionally by regulating the level
of protein synthesied from its mRNA. During the mRNA life cycle, nascent mMRNA
can be packaged into distinct granules which regulate the translation and decay of
MRNA, includingrocessing Bodies (PBs) and Stress Granules (SGs). PBs are usually
comprised of 53' mMRNA decagomponents and occur constitutively, increasing in
size and number in response to cellular stres@&sderson & Kedersha 29p In
general, PBs are involved in the decay of mRNA®reas SGs protect mRNA and
allow reinitiation of translation as soon as cellular stress has been resolved. SGs are
assembled after various cellular stresses, including oxidative, genotoxic otiosmo
stress, heat shock or viral infectioBeveral differenRNAassociated proteins are
found in SGs and PBs, including RNA helicases, RNA binding proteins, transcription
factors and translational regulatorAndason & Kedersha 2008F5ome known

components ofSGs are listed ifable6.1. SGsare produced after posphorylation
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of translation initiation factor elF2 by stress inducible kinases (such as PKR),
resulting in accumulation of stalled pmeitiation complexes containing 40s
ribosome subunitgSrivastava 1998 SGsan contain mRNA transcripts of various
proteins, including housekeeping genes. Intemegty, the mMRNA of stressduced
proteins, such as HSP70 and HSP90, are not recruited su@festinghat SGs
allow cells to preferentially translate mMRNA required to resolve the cellular stress
while protecting stalled mRNAAnderson & Kedersha 200885s allowrapid
reactivation of translation upon stress recovery since ribosome-imt@tion
complexes are retairgein an assembled state. They are also suggestgudmote

cell survivgl sincethey sequester cmponents of apoptotic signal transduction

pathways such as RACtimoto et al. 2008)

Protein Name Protein function Ref

TIAL and TIAR MRNA silencing (Kedersha et al. 2002)
elF4E Translation (Kedersha et al. 2005)
elF4G Translation (Kedersha et al. 2005)
elF3 Translation (Kedersha et al. 2005)
Traf2 Signding (Kim et al. 2005)
G3BP Ras signéihg (Tourriere et al. 2003)
PABP1 Translation stabilisation (Fraser et al. 1999)
Rpb4 Transcription (Lotan et al. 2005)
DDX3 Transcription, signhhg (Shih et al. 2012)
DDX6 Transciption (Nonhoff et al. 2007)
Caprin Cell growth (Solomon et al. 2007)

Table6.1: Known stress granule components and their protein function.

Studies have shown that SGs are induced rapidly after stress and disdesemb
slowly. Time lapse microscoas shown that SGs are typically large structures
with a fixed position in the cytoplasm, however their shape is constantly changing
with components ofSGs rapidly moving in and out of these granules, whereas PBs
are small and move throughout the cytoplagifedersha et al. 20055Gs and PBs

share many components, and have been shown to interact closely with each other,
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with studies suggesting that mRNPs can be transferred between PBs and SGs,
targeting some mMRNA for decay (PBs) anastior protection (SGs).

Viruses have evolved a multitude mechanisms to interfere with cellular
processes to facilitate the replication wiruses.Since SGs have been implicated in
cell survival through sequestering of apoptotic mediatphsimoto et al. 2008)it
could beadvantageousdr viruses to induce G to keep the host cell alive while
allowing for viral replicationit can also be advantageous for viruses to induce the
formation of SG, as shutting down of host protein translation prevents the
production of preinflammatory mediators, and also promotiRESIependent
translation (Spriggs et al. 2008Also many viruses have dre suggested to both
promote and inhibit SG formation throughout the viral life cy(hite & Lloyd
2012) For example, mmmalian orthoreovirus (MRV) infection induces SG in the
early stages of infectiowhile inhibiting SG during the myghase(Smith et al. 2006;

Lin et al. 2007)

Recently two groups have shown thaturing influenza virus A, the Nor+
Structural protein 1 (NSJprevents the inductiormf SG by PKRn response to viral
double stranded RNAherebypromoting translation of host mMRNAOnomoto et al.
2012; Khaperskyy eal. 2012) Virus induced SGwere shown tocontain SG
components, viral proteinsand RLRs namelDA5, LGP2, and PKRhese SGs
were suggested to be a distinct subset of antal SG (avSGss they played a
critical role inRIGI mediated type | Intderon inductionin response to virus
(Onomdo et al. 2012)

HCV has also been shown to regulate formation of RNA granules, both inhibiting

and inducing SG during viral replicatifRuggieri et al. 20120ne study showed
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that HCV Core protein promotes translation of viral RNA by hijacking components
of SG around lipid droplets, while inhibigrfSG induction in response to oxidative
stress(Ariumi, Kuroki, Kushima, et al. 201Another study involving HCV infection
showed that during HCV infection there is fluctuation in SG formation, resulting in
phases of active and stalled trantste (Ruggieri et al. 2012)
6.1.1.DDX3'saswciation with stress granules

DDXS3 could be placed at multiple stages of the mRNA life cycle, with DDX3
potentially having roles in translation initiation, transcription, mRNP remodelling
and stress-induced RNA granule formatior(Figure 6.1). The S.cerevisiadDDX3
homologue Dedlp has been shown to accumulate in PBs, with Ded1p playing a role
in both translation and PB formatigiBeckham et al. 2008Human DDX3 hdseen
shown to locabe to cytoplasmicSGs in response to stresimteracting with SG
components elF4E elF4A and PABP(@ai et al. 2008) DDX3 has also been
suggested to be a critical component of SG assembly, with khoek of DDX3
repressing the formation of sodium arseniteduced SGs in one studghih et al.

2012)
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Figure6.1: DDX3 can be placed at multiple levels of the mRNA life cycle.
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6.1.2Conclusion

The role of DDX3 in SG formation is unclear. Since viruses have evolved ways to
subvert the mRNA life cycle to favour translation of viral mRN&, appealing to
say that viruses might target DDX3's role in the mRNA life cycle for their bdnefit.
would be interesting to investigate wheth®DX3 plaga role in assembly of avSG,
since it has been shownhat avSG assembly is required for IFN irigunc in
response to viral infectioOnomob et al. 2012)

6.2.Aims

| observed that oveexpressed DDX3 and Né&sicient mutants localised to

cytoplasmic granules on occasiom this chapter laimed to examine ifthese
cytoplasmic granules were SG and whether DI¥A8 recruited to SG iresporse
to cellular stresse | also aimed to determine if SG prevented the
nucleogtoplasmic shuttling of DDX3 and also ittentify the regions of DDX3

required forrecruitment to stress granules.
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6.3.Results

6.3.1.DDX3 localises to cytoplasmic gmules in response to stress
Occasionally, | observeddistinct cytoplasmic speckle appearance oftatzged

DDX3 and DDX3 truncation mutants that normally had agamdbcalisation in HeLa
cells Figure 6.2). | hypothesizedthat these speckles could be stress granules,

induced by overexpression of DDX3.

Figure6.2: Overexpressed DDX3 has a distinct cytoplasmic spelckalisaion.
HeLa cells were transfectedtiv expression plasmids for WT {8 X3, and stained wit-Ha Alexa
Fluor594.Key. A DAP), B (HeDDX3), C (Merge A+B), D (Contrast).

First, | tested whether endogenous DDX3 could localts stress granules after
being treated with a stress granuteducing chemical. HelLa cells were treated with
1mM sodium asenite (SA) for 20mins, and stained for endogenous DDX3 and
endogenouselF4E SA causes oxidative stress, which resultsfoirmation of
cytoplasmicSG As shown irFFigure6.3, DDX3 ane@IF4Ehad a diffuse cytoplasmic
localisation in untreated cells, bin HelLa cells treated with kM SA for 20 mins
DDX3 anelIF4Eco-localised in distinct cytoplasmic speckles:I@mlisation points
show the position of owapping signals between DDX3 amdF4E staining
generated using the Olympus Fluoview-IGcalisation software, after treatment
with SA there was a large increase inlecalisation. lalso tested if overexpressed

HaDDX3 behaved as endogenois. shownFigure6.3, HaDDX3co-localised with
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