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Abstract

Né-methyladenosine (IfA) is an abundant internamodification of
eukaryotic mRNARecently the details of the methyladenosine pathway and
function have been unravelled. Methylation occurs via a Writer complex consisting
of Wtap, Kiaal429and Mettl3/14. The final components of the pathway are
Reader proteins, Ythdcl in the nucleus and Ythdf1/2/3 in the cytoplasm.
Methylation readers can cause mMRNA destabilisation, -icdppendent
translation and alteralternative splice site selgtion. Perturbation of the A
writers and erasers can result in mMRNA nuclear export phenotypes, though the

molecular basior this phenotype was unknown.

Here we show the i\ writer complexand reader(Ythdc] associates with
TREX and within this comp|&VtapandKiaal42%re essential for the interaction.
This association leads to loading of TREX o modified mMRNAs. Knockdown
of Wtap andKiaal429eads to inefficient TREX loading and nuclear export%f m
modified mMRNAs, whereas nanethylated mRM export is unaffected. This
observation extendsranscriptome widewith transcripts harbouring greater A
more susceptible to nuclear accumulation upon Wtap/Kiaal429 knockdown.
Further evidence of a cooperative pathway betweetArmachinery and TREX was
identified with the reader Ythdc1.



Chapter lintroduction

The central dogma o&ukaryotic gene expression states that DNA is
transcribed to RNAN the nucleusand subsequently translated to protein in the
cytoplasm. Thereforea core step within genexpression is the export of mature
MRNA from the nucleus to the cytoplasRrogression of an mRNA through the
maturation pathway is coupled with strict surveillance mechanissuscessful
processing granta licence allowing nuclear export of the moleculetertwined
with these maturation steps is the deposition of the Transcription export (TREX)
complex. The mature mRNA is escorted through the nuclear joaed with
TREX andound bythe heterodimeric export receptor Nxf1:p15.

The details of epitrargiptomic regulation upon mRNA maturation have
recently come to light, and plagn essential role in maintaining and transcribing a
specific subset of mRNAslethyladenosine (1i#A) isone ofthe most prevalent
chemical modification on mammalian mRNA. Thditoh of this modification can
result in multiple outcomes for individual mMRNASs, such as alternative splicing,

degradation and increased translational initiation.

1.1The Nuclear Pore Complex

In eukaryotic cells RNAs, proteins and ribonucleoproteinP(Rdrticles
are exported through larg€l25MDawith a 125nm diameté@raqueous channels
known as the nuclear pore complexes (NPC). These multimeric complexes are
embedded in a double nuclear membrane/nuclear enveloged facilitate
nucleocytoplasmic trangpt. The NPC is a dynamic macromolecular structure that
consists ofmultiple copies ofaround 30 different proteins, referred to as
nucleoporins (Nups), present in multiple copies totallings@)-1000 Nups per
NPC (Cronshawet al, 2002) The Nups create distinct structural elements

illustrated in Figure 1.1hat form the overall NPC. These elemeatsdefined as
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an inner pore ringnuclearbasket and anntrinsically discorded, highly flexible
cytoplasmiadomain (classically referred to as cytoplasmic filame(fgahrenkrog
and Aebi, 2003; Beck and Hurt, 2016)ups can be categorised into three
functional groups, pore membrane Nupssed to anchor the NPC to the nuclear
envelope, FG Nupsontainingshort hydrophobic stretchesch in phenylalanine
and glycine residueg final class of Nups axin an architectural roleproviding

stable folded protein domaingTranet al., 2006; Amlacheet al., 2011)

Interactions between the NPC and cargo receptors facilitate transport
through the pore. More specifically transgioreceptors also known as
karyopherins,interact with FG nucleoporin€vidence for this interaction was
generated by crystal structurelustrating FG peptides in complex with multiple
transport receptors(Baylisset al., 2002) Upon FG interactions the cargo must
translocate the NPC, currently three mosleixists to describe this action, the
Brownian affinitygating model, the affinity gradient model and the selective
phase modelHulsmannet al, 2012) The selective phase model dictatdsat
permeabilitybarriersare generateddue to FG Nups seilfiteraction. This model
is akin to a sieve, itlaws selective translocation of transport receptors and cargo
upon their binding to FG peptides. The energy for translocation is provided by a
small Raselated GTPase, Ran, that exists in two states GTP bound and GDP

bound.

1.2RanGTP/GDP Nucle@randocation Cycle

The RanGTP/GDP systednives the nucleocytoplasmic shuttling of
macromolecules in conjunctionwith a superfamily (21 members) of mobile
transport receptors(Moore and Blobel, 1994; Gorligt al., 1997) The general
consensus dictates karyopheriresponsible formport of cargo to the nucleus are
called importinsand karyopheringsesponsible for exprting cargo are exportins.
A short peptide is employed for karyopherin cargo recognition, a nuclear

localisation signal (NLS) or nuclear export signal ((G®)er and Gorlich, 2011)
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The Karyopherins are regulateég Ran a small GTPas®an exists in two
states GTP bound within the nucleus and GDP bound in the cytojilzesunsen,
et al, 1997; Gorlictet al, 1997) The cell actively maintas a gradient of each Ran
state. Maintenance of this gradient requirehié action of two Ran activating
proteins. RanGTP undergoes cytoplasmic hydrolysis via RanGAP (Ran GTPase
activating protein) conversely nuclear RanGDP exchanges GDP for GTP once acted
upon by RanGEF (guanosine exchange fag@®embertonet al, 1998) The
paradigm depicted in Figure 1.3tates importindorm a receptorcargo dimetin
the cytoplasmprior to commencingNPCtranslocation Once in the nucleus
importins interact with RanGTiRducinga reduced binding affity for their cargo
and subsequent dissociatigffrloeret al., 1997) Ran dependent nuclear export
occurs with the initiaformation of a trimeric complexgonsisting of expoim-
RanGTRargo. The whole complésandocatesthe NPC into the cytoplasm where
association with RanGAP concludesdiiP hydrolysis and dissociation of the

complex(Kutayet al., 1997)

RanGTP export is required for the export of multiple RNA species. sSnRNA,
rRNA, tRNA and miRNA all require Ra&t&Xportin for their exporfPemberton,
et al,, 1998; Guttler and Gorlich, 201However the bulk of spliceghd intronless
mRNAnuclear export undergoes Ran independent export. Spliced mRNA export is
mediated by the nuclear export factor Nxfl and is regulated via a myriad of mMRNA
processing protein factorHautbergueet al, 2008) The array of RNA export
pathways is displayed in Figure 1.3.

11
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1.2.1Crm1 Pathway

The karyopherinChromosome Region Maintenance(@rml) interacts
with RanGTP in the nucleus and is responsible for the passage aplsniRNA
species, these include ribosomal RNAs (rRi)several U small nuclear RNAs
(snRNA). Crm1 does not biNA cargdirectly but actsin conjunction with
export adapter proteins The association of Crml and export adaptors is

dependent on a leucmrichNESFornerodet al., 1997)

Spli@osomal snRNAs require the export adapter Phosphorylated adapter
for RNA export (PHAXSegrefet al, 2001) The initial phase of snRNA biogenesis
requires precursor synthesis using RNA polymerase Il, note this is for U1, U2, U4
and U5, U6 is synthesisatdaRNA polymerase hhannerand does noparticipate
in nuclear exportfor complete maturation. Post synthesis the mBRNAS
associate with their export adapter PHAX
cap binding complex (CBC). The heterodimeric complex CrrrdniBA:PHAX
also associatewith RanGTP, facilitating nuclear translocatidimere are no direct
RanGTRargo contactsyet it is requiredo drive Crm1 complex formatioriJpon
entering the cytoplasm dephosphorylation of PHARd hydrolysis of RanGTP
results indissocation of the complex (Segrefet al., 2001) Survival of motor
neurons (SMN) complex facilitates the maturation of the snRNAs prior to their
nuclear import. The reasarforexporting snRNAs for maturati@re not entirely
clear, however it is reasonable to assumadtsas a failsafe¢herefore preventing

a buildup of nonfunctioning snRNA within the nucleus.

Crm1 also acts as the receptor for the export of ribosomal subdfBand
60S rRNAs are synthesised as a largeniAby RNA polymerase |, subsequent
processing yields three mature rRN28% 18Sand5.83. Once processedRNA
assocate with ribosomal proteins forming thé0Sand 40Ssubunits(Zemp and
Kutay, 2007) Export of the60Ssubunit, but not the40S requiresNmd3 an
adapter protein which contas two Gterminal NES peptides. Nmd3 is essential
for the final $ages of60Sbiogenesis and Crininteraction(Trotta et al., 2003)

However multiple 60S maturation factors have beenimplicated in its export.

14



Current literature implicateshe zinefinger protein Bud2QBalileret al,, 2012)
Mex67 (yeast homologue of Nxf1) in direct surface binding0&and facilitation

of its export A recent maturation protein Arx1l has been identified binding the
PheGly repeats of FG nucleopori(Bradatschet al., 2007) Although itdoes not
look like a typical export receptor its presencesSexport is required.The40S
pre-ribosomal sbunit is also exported in a Cindependant manner but requires

a different set of maturatiorcomplex proteins for expoifFazeet al., 2012)

The fnal Crnl dependant species of RNA to be expdris small subsets
of mMRNAs containing3 * -riéhUelement (ARE). The ARE element indirectly
interacts wth two proteins,Pp32 and APRIThese two proteinsontainmultiple

NES, complexing withCrml and leadingo export(Brennaret al., 2000)

1.2.3Exportint

The export of tRNAs is @ydinated via a Karyopherin family member
exportint and RanGTP. InitialRNA polyrerase Ill synthesises tRNAs as large
precursors that undergo multiple processisigpst r i mmi ng of t he 5’ a
base modificationandremoval of a short introiif present(Lipowskyet al., 1999)

These maturation stepculminat in a complex clover leadtructure,

Post maturation the process okxporting tRNAbeginswith exportint
which forms a trimericomplex with itsRNAcargoand RarGTP The formation
of the heterotrimeric complexequires a conformational change within expoktin
t that istriggered upon RanGTP bindinArtset al., 1998) The distinctive shape
and charge of a tRNA molecule is needed for recognitivowever the
hypervariable and anticodon loops are not part of this recognition process as they
can differ greatly btween tRNAs. Tk secondary structure recognition
mechanism measithe NES of a tRNA is not constructed from a primary peptide
motif but by its secondary and tertiary structui®ecognition othe structural NES
actsas a quality control stegll-formed or incomplete tRNAs will not display the

correct NE$herefore exportin-t will not bind(Cooket al., 2005) Further checking

15



of completeand correctmaturation existan the binding affinity of exportit to
modified and unmodifiedRNA binding to modifiedis 10 times greater than

unmodified(Lipowskyet al., 1999)

The tRNAexportint-RanGTP shuttles to thecytoplasm and again

activation of Ran’s GTPase activity cau
dissociating of the complex releasing tRNA into the cytoplasm. It is worth noting

that exportint may not be the sole pathway for tRNApext. For example yeast

Los] the exportingt orthologug is not essential fowiability (Hellmuth et al.,

1998) A recent genomewide Saccharomyces cerevisiagcreen revealed the

karyopherin Crm1/Xpol asmembers of theRan GTPasgéependent nuclear

exportpathway for tRNAgWu et al,, 2015)

1.2.4Exportin5

Exportin5is required for thenuclearexport of precursoimicro RNAs (pre
miRNAs).Initially RNA polymerase |l syrdghies primary miRNAs (prniRNA),
followed by5 *  mgapdpohadenylaton. Nuclear processing of theggmiRNAS
via Drosha,a type 1l nuclear RNasand an RNA binding protein Dgorilds a
~70bp double stranded loogpre-miRNA.Dgcr8 is thought to act as a molecular
ruler, measuring the precise position for Drosha to akttypical premiRNA
consists of a 2 nucl(Baodl ROOBHThoproeessedpreg at t F
mMiRNA is the target for expiin-5. The 2 nucleotide overhang is essential for
exportin5 recognition of a processed miRNAh i | st 5’ over hangs
impaired exportinr5 binding(Lundet al,, 2004) Exportin5 binds 16 nucleotides of
the double stranded prenRNA, the compk is locked togetheupon RanGTP
binding to the Nterminal Rarbinding interface of exporti®d (Okadaet al.,, 2009)
Truncated processed miRNA%4 nucleotides irlength d not bind exportinb
efficiently. The trimeric complex acts to protect the pr@RNA from degradation
(Yiet al,, 2003) Once exportedo the cytoplasm anghostRan GTRydrolysis and

release othe premiRNA it undergoes further maturation steps resulting in a ~22

16



nucleotide single stranded miRNAssociation of the PreniRNA with the RNA
induced silencing complex (RISC) complex helps unwind the duplex to generate
the 22 nucleotide ssRNA required to carry out post translational gene regulation.
(Bartelet al., 2004)

Exportin5 hasalsobeen implicated iran auxiliary tRNA export pathway
(Caladcet al,, 2002) Comparisons of the RNonding interface okexportin5 and
exportint revealed a 2 fold greateRNAinteraction site for exportirb. The
functional consequence results in flexible cargo recognit@diowing double
stranded RNA ith varied stem loop structures and extrusiotssbecome export

targets(Okadaet al., 2009)

1.3mRNA Maturation and Nuclear Export
The bulk of mMRNA export is undertaken in a-Ralependent manner via
the transciption export complex (TREX) and the heterodimeric exparepéor
Nxfl-p15. RNA Polymerase sinthesies pre-mRNA that is thersubject to
multiple co and posttranscriptioral processing events, such &s’ capping,
splicing and @hatkip and Mankkye 2000 e culmonation of
these maturation events grants an export license to the mRNA allogipgrt

receptor guidechuclear pore translocation.

The initial a @uhmnasirie ) capf ontd tascenbpre m
MRNAs protects t hed fexon(BhatkreaaccMasleg,n of 5
2000) Moreover the MG cap confers binding of Cbp80 and Cbp20 that form the
capbinding complex (CBC). The action of CBC binding allows for deposition of
TREX componentsxaa o t he 5’ e(Retd amd Hutt, B082; GhRaYy A
al., 2006)

PremRNAs containg introns undergo co and posttranscriptional
splicing. During transcriptigspliceosome assembly begins with U1 small nuclear
RNA complex associatiovitht he 5 splice siUdhspsnmabl|l | owed

nuclearribonucleoproteinc o mp |(smRNPgjLacadie and Rosbash, 200bhe

17



subsequent excision of introns and fusing of exons results in the formation of an
exon junction complex (EJC) upon the erson boundary. The EJC associates
with TREX subunits whilstREX member Uap56 is involved in spliceosome
assemblyM. Luoet al., 2001; Gromadzket al., 2016)

Polyadenylation of prenRNAs at minisas afother mauration
event that commits the mRNA for nuclear export. A hexanucleotide cleavage
signal is bound by cleavage and polyadenylation factors responsible for removal
of the downstream RNAProudfootet al., 1977; West, Gromak and Proudfoot,
2004) Post cleavage, PolyA polymerase catalysis the addif adenosine
repeats upon the 3’ ter mi nal cl eaved
bound by polyadenine binding protePABP), again protecting the mRNA from
degr adat-5’'o0ne o nlLiBdét al.a20@) The combination of these
processing events leads to the formation of a correctly packaged messenger
ribonucleoparticle (MRNP) that contains all the licencing signals for nuclear pore

translocation orchestrated by Nxi15.

1.3.1The Transcription Export Complex (TREX)

Akin to the spliceosomethe TREXcomplex undergoes multiple
conformational and composdhal changes. TREX is conserved from yeast to
humans and is required fonessenger ribonucleoprotein particl@®@RNP) nuclear
export (Reed and Hurt 2002; Strasseet al, 2002) At the core of the TREX
complex sits the multimeric THO complex comprise@itadctThoc7(metazoans)

and Dead box RNA helicase, UagMasudaet al.,2005; Chet al,, 2013)

Export adapters Alyref, UIF and LuzP4 aid in the loading and handover of
the packaged mRN# the nuclear export receptor NxfViphakoneet al., 2012)
(Hautbergueet al., 2009) Co adaptersChtop and Thoc@lsoplay a role in Nxfl
loading(Changet al., 2013) Several new TREX subuen®ip29, Erh, Skar, Elg and
Zc3hllahavealsorecently been identifiedDufuet al, 2010) Elg is also known

18
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as Ncbp3 and is implicated in the export of mMRNA under stress conditions
(Gebhardtet al., 2015)

With the current known constitentsthe export of themRNP is as follows;
1.Cotranscriptional deposition of the TREX complex during the maturation of a
pre-mRNA(Luoet al., 2001) 2. Once complete recruitment of TREX has occurred
adapter and ceadapter proteins interact with 1-p15. 3. The mRNA is handed
over to the Nxfipl5 dimer as a result of a conformational change induced via
adapter and co adapter bindinidHautbergueet al,, 2009 Viphakoneet al., 2012;
Herold et al, 2001) Upon handover Uap56 is displaced form the mRHNA.
Subsequent interaction of MRNWxfl-p15 with the TREX complex and
nucleoporing facilitates translocationthrough the nuclear pore.5. During
translocation export adapters are released from the mRB&® Figure 1.4 for an

illustration of the above process.
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1.3.2Export Adapors and Ceadaptors

A key stage in export of the mRNP is the handover of the An®RNhe
export receptor Nxfip15. However Nxf1 has a low RNA binding af§iniherefore
export adapbrs co-adaptors are required to inducean intramolecular

conformational changencreasing\Nxflaffinity for mRNA.

Alyref is recruited to the mRNP via p¥ during splicing in an ATP
dependent mannefMasudaet al.,, 2005; Duftet al,, 2010) It containgwo Uap56
binding motifs (UBMat its N and @erminus. The core of the adapter consist of
an RNA recognition motif and a principle RNA binding sitestructed from two
disorderedarginine rich region@Gromadzkat al., 2016) Thearginine rich regions
are also the Nxfl binding site. Theareitment of Nxftp15to the mRNP occurs
viaits N-terminaldomainbinding to Alyrefand the Nxf1 NTF2 like domain binding
to a coadaptor such as Thoc5 or Chtofhe AlyrettoadaptorNxfl-p15complex
hasa ~10 fold greater RNA binding affinity comparedtiiv Nxf1l-p15, thereby
initiating the handoverof RNA from the adaptor/cadaptor proteins to Nxfl
(Hautbergue et al, 2008) Further studies have also implicated arginine
methylation within the RNA binding region$ Alyrefreducing its binding affinity
form RNA, aiding in the Nxf1 mRNA hand gwearcesgHunget al,, 2010)

Uap56 interacting factor (UIF) is a second export adaihtar contains a
UBM Although UIF interast with Alyref, he interaction is RNAependent,
therefore it has been theorisedJIF may exist in an alternative TREX complex
populatingthe samemRNA asn Alyref containing TREXJIF recruitment to the
MRNA differs to that of Alyref.The FACT chromatiremodellingcomplexis
required for the cetranscriptional loading of UIF but not Alyref. Furthermore the
knockdown of Uap56 has a drastic effect on Alyref mRNA loading butex less
phenotypewasobserved for UIF mRNA depositifiiautbergueet al,, 2009. The
RNAI of Alyref results in a modest block of mRN&ear exportthis could be due
to the functional redundancy between export adapters. The knock down of both
adapter proteins (UIF and Alyrefjeads to a catastrophic mRNA export block
resulting in cé death(Hautbergueet al., 2009.
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A third export adaptor, Luzp4, is a cancer testis antigem group of
proteins normally restricted to testiwhich are commonlypregulated in cancer
cells. Luzp4displays the classical adapter characteristics mentibrabdove,
contains dJBM andNxfl-p15s mRNA binding affinity increases upon association
It was identified that efficient growth of melanoma cells requires Luzp4
(Viphakoneet al, 2015) Members of theserine/arginine (SR) rich family of
proteins can act as a mRNA export adaptor when in a hypsporylated state
(Muller-McNicollet al., 2016)

Thoc5 and Gbp have been identified as eadaptor proteinsindingto an
NTF2ike domain of Nxfl(Katahiraet al, 2009; Changet al., 2013) The ce
adaptors bind to Mf1 cooperatively with Alyref. It is also worth noting that Chtop
and Thoc5 bind to Nxfl in a mutually exclusive manner, competing for the-NTF2
like domain(Changet al, 2013) The presence of multiple adaptors and- co
adaptors illustrates the dynamic changesd redundancy withinthe TREX

complex dependent mRNA export pathway.

1.3.3Nxf1-p15 Export receptor

The major export receptor for mMRNA nuclear export is Nyf3. Nxfl is
constructed form five distinct domain@epicted in Figure 1.5)RNA binding
domain (RBD), pseue®NArecognition motif PRRM), leucine rich region (LRR)
NTF2ike (NTF2L) domaiand ubiquitin associated domain (UB@)keret al.,
2000) The receptor heterodimer is found associated with the same mRNA as TREX
complex(StraRer and Hurt, 2000This association is vital for the recruitment of
Nxfl(Hautbergueet al., 2008) An Nterminal arginine rictRBDs responsible for
Nxf1 RNAecognition however it shows no sequence specifi¢dplotukhinet al,,
2002) To prevent the export of nefincorrectly processed mRNA Nxfl sequesters
its own RNA binding action via intramolecular association of the NTF2L and RBD
(Viphakone et al, 2012) Therefore an mRNA is only handed to Nxfl once
inhabited bythe TREX complex. The mRNA handover is conducteexp@rt
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adaptorsbinding RBCand WRRMwhilst export ceadaptorsassociate with the
NTF2Ldomain (Figure 1.5 (Viphakoneet al, 2012) The association of TREX
components releases the RBM increasing Nxf1 binding affinity for the mRNA. Nxf1
pl5 escorts the MRNA the nuclear pore where it interacts with nucleoporins via
NTF2L and Ubiquitin associated domamits Gterminus p15 is essential for the
stabilisation of NTF2L and its interaction with NPC members, RNAI of p15 results

in nuclear accumulation of mMRNBraunet al., 2001; Friboug et al,, 2001)
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1.4 nfA: The 3" Nucleotide

DNA, RNA and proteins can all undergo post synthesis modifications
allowing for close regulation and diverse functid@urrently 100 distinct chemical
modifications have been mapped on eukaryotic RN#at occur post
transcriptionally (Horkawicz et al, 2006) The most abundant chemical
modification present within eukaryotic mRNA K°-methyladenosine (1%A)
(Desrosierset al, 1974) However, it was difficult to resolve and decotle
epitranscrptomic code of mPA until advances in antibody based high throughput
sequencing technologidsecame availabléDominissinget al, 2012; Meyeeet al,,
2012) The transcriptome wide mapping dfuman mPA revealed widespread
modification covering one third of the transcriptomeonfined to the consensus
sequence of RRAQWeyer et al, 2012) Initially, m*A was i denti fied &
terminus of a transcript with enrichment
(Dominissingt al,, 2012 Meyeret al, 2012; Keet al,, 2015) Up to 30%of mPAcan
lie within the coding region of a transcript must be noted thereéhave been
varying reports between ~380% A on the CD8Vleyeret al., 2012; Zhaet al.,,
2014) Further studies identified a sharp peak diint h e 5 (Schwarti®t
al.,, 2014; Zhacet al,, 2014) Therefore the current methylation landscape, on
average pemethylatedt r anscr i pt , c 0 n tméAipeakandaa3 di st i nc
CDS an@UTR withcluster of nfA.

The addition of A upon select transcripts appears ttecrease their
stability, leading to a shorter hadlife (Keet al, 2017) The modification imparts
influence on a number of steps within an mMRNA life cycle. Nuclear processing,
export and translatiorall appear altered with the addition of %A (Zhaoet al.,
2016) The coupling of then®A modification, methyltransferaseomplexand
MRNA processing pathways leads to a system regulating specific MRe¢A®y
players within the #A pathway have been identifigdlustrated in Figure 1.6nd
can be separated into three classes. Writams @sponsible for the addition of the

modification, these includeWi | ms t-asgomating prdtein Wtap),

Kiaal429Rbm15 and Methyltransferaselike protein 3/14 (Mettl3, Mettl14)
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heterodimer. The writersare nuclear localisedErasers reverséhe modification

via catalytic oxidationthere are currently two A specific demethylase enzymes
FTO(nuclear/cytoplasmic distributecgnd Alkbh5nuclear) The modification is
decoded by reader proteins. Bhi di ver se s et oubdpletporaoft ei ns
functions that tie the A modification into mMRNA maturatiémetabolic
pathways.Sixreader proteins have been identified, Ythdfl, Ythdf2,d¥3hare
cytoplasmic readers whilst HnrnpBnrnpA2B1 and Ythdcl are nuclear readers
(ReviewedZhao et al. 2016)

1.4.1mbA: Writers

The addition of the ®A modification upon target mMRNAs isnclucted in
the nuclear speckles via thariters. Initially a 200 kDa nuclear complex was
identified as being responsible for the catalytic addition of methylaflaoet al,,
2014) Further studies have dissected the comptexstituentsand defined roles
for each memberTheregulatory member®f the methyltransferase compleare
initially recruited via Rbom13he Rbm15 binding sgewere identified adjacent to

the point of nfA deposition(Patilet al., 2016)

At the core of thewriter complex sits Wtap. Wtap is abiquitously
expressegrotein identified in a yeastwo hybridscreen associating with splicing
factors and was subsequently linked to mammalian cell cycle progression from G2
to M (Little et al., 2000; Horiuchet al., 2006) Further studies conducting mass
spectrometryon Wtap revealed multiple methyltransferase complex members
such as Rbm15,Kiaal429 and Mettl3/Mettldoriuchiet al, 2013) The roleof
Wtap in the adenosine methylation pathway was not identified until 2014. Wtap
was solidified as a Mettl3/Mettl14 binding partner and responsible for their
recruitment to mMRNA to undergo methylatioAlthough Wtap does not appear to
harbour a catalytic domairits knockdowrresulted in a 6.25old decrease imm°®A
throughout the transcriptomeindicating its role in Mettl3/14 recruitmentThe

interaction with Mettl3/14 iscoordinatedby the N-terminus of Wtap(Pinget al.,
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2014; Schwartz et al, 2014) Photoactivatablegibonucleosideenhanced

crosslinking and immunoprecipitation (PARIP) illusated Wtap bindsmultiple

RNA species butverwhelminglypoundmRNA (92.08%) |t s mMRNA bi ndi
aredi stri buted thr ougWORI17.74%) 48.1686 abdBRL7% CDS a
respectively)Further analysis revealed Wtap binding sites are staticsscaovide

range of eukaryotic systen{Schwartzt al., 2014) PARCLIRJata of Mettl3 and

Witap illustrated aight asymmetric heterodimeric compleflowingregulation of

alternative splicingevents withinRNA processing and transcripticelated genes

(Pinget al, 2014)

The catalytic transferof a methyl group to nitrogen ofan adenosine is
carried out bya tight heterodimericcomplexconsistingof Mettl3 and Mettl14.
The methylation donor was identifiesis SAdenosylmethionine(SAM)(Liuet al,,
2014) Mettl3/Mettll4 preferentially methylate ata GGACU consensus.
Mechanistic details of methylation by the heterodimer were divulged from
crystallographic studiegWang et al, 2016; Wanget al, 2016) Surprisingly
Mettl14 appears to harbour noatalytic activityjnstead actingas a RNA binding
scaffold to facilitate MettlI3Wanget al, 2016) The binding of an RNA substrate
is coordinated by two gate Igostructures of Mettl3. Upon bindingate loop 1
flips open whilst gate loop 2 undergoes substantial conformation changes
culminating in the closure of the active site regiivanget al, 2016). The
knockdown of either Mettl3 or 14 does not yield a dramatic reduction in
transcriptomalm®A (compared with Wtap) indicatingossible redudancyand
only low levels of the Mettl enzymes are requiréok methylation to occur
(Schwartzt al,, 2014) Furtherevidenceindicated Mettl3 may act independently
of Wtap within certain pathways, for examptbe addition of MA to primiRNAs

marking them for processinfAlarconet al., 2015)

Proteomic analysis of Wtap revealed the final member of the
methyltransferase complex, Kiaal4gSchwartzet al., 2014) The knockdown of
Kiaal429 results in a diofold decrease in A levels. Greater evidence of

Kiaal429s association within thépathway was producedpon studying the
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Drosophilahomologue VirilizerData produced fronmtwo indepencent groups
identified Virilizerin an mPA dependent regulation ofex determination via

alternative splicingHaussmanmt al,, 2016; Lencet al,, 2016)

1.4.2m°A: Erasers

As well as writers the PA pathway contains erasers, demethylase
enzymes that can remove the adification Curently two methyladenosine
specificdemethylaseenzymes, FTO and Alkbhtave been identified Both are
members of the same Alkb subfamily superfamily Fefbx@glutarate
dioxygenase. Alkbh%B, nuclear localised demethylgsamploysone-stepoxidative
demethylation catalysedhrough ahistidine-iron core Mutations nullifying the
iron binding histidine of Alkbh5 render it devoid of any activity (Zhedrag. 2013).
Crystallographic data revesld a structural binding specificity to simgbktranded
methylated RNAacilitated bythe iron bound histidine sandwich. A loop formation
between amino acids 22243 induced a steric clash with double stranded
ribonucleic substrates (Xet al., 2014). This loop is not present in other family
members. Immunostaining of Mettl3 and Alkbh5 identified an RN&pendent co
localisaton within the nuclear speckles, more detailed interactions between the

writers anderasers has yet to be studiddhenget al,2013).

Throughout the literature FTO is describad the second demethylase.
Whilst ALKkbh5 acts upon multiple®® | ocati ons, FTO was showr
(Zhaocet al,, 2014; Huanet al., 2015) FTO catalyses the removal ahathyl group
via oxidation. However, recent work by Mauer et al has identified the preferential
target of FT@s theN®2 -O-dimethyladenosine (fAn) modificationnot meA. mfAy,
is located adjacent to the mRNA’@ cap and it was noted transcripts with this
modification displayed an overall greater stability. The increase in stability appears
to be imparted upon select A transcripts bya resistance to mRN-Aecapping

enzymeqMaueret al,, 2017)
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1.4.3mPA: Readerddeterogeneous nuclear ribonucleoproteins (HNRNP)

The ellular functions denoted by then®A modification are conducted by
the reader proteins A wide array ofeader proteins have been discovered and can
be categorised into broad groups of direct and indirect. As the name suggests
direct readers bind to then®A modification directly and indirect readers act in a
cis manner to alter local mMRNA. Each reader carries out a specific predetermined
function once bound to its target RNA. These functions range from degradation,

translation initiation and alternativemicing.

Heterogeneous nuclear ribonucleoproteins (HNRNi§ a family of
ubiquitously expressed RN#Anding proteinsactingwithin diverse and complex
RNA maturation pathwaysAlthough they share similar characteristics, they
comprise a wide array of ddfent domains(Han et al., 2010) Recently
HnrnpA2Bihas been identified as direct nuclear reader of #A and involved in
the control and proessing of a sub set of praiRNAs(Alarcénet al, 2015)
Discovery occurredvhen an HnrnpA2Bl1knockdown phenocopiedthe global
alternative splicing changes and reduction in miRNA expressigerved in a
Mettl3 knockdown The mSA miRNA processing pathway begins witlettl3
methylation at the RGAAC consensus othe premiRNA. Post methylation
HnrnpA2BIindsto the methylated adenosine and bridges the initial interaction
between premiRNA and the microprocessor complex, specificajlyr&Berulava

et al, 2015; Alarcért al, 2015)

RNA structural switchesequiring mfA have also been identified. The
addition of n?A within a stem loop structure causa change in its thermaatbility,
disrupting the secondary structuadlowing proteirRNA interations to occur. An
example of a€mPA-dependent RNA switch can be found witidirect nuclear
readerHnrnpC This switch only occurs on a subset of HnrnpC target Ri¥és,
MRNAs and IlRNAs. PARLIP analysis éfnrnpCrevealed a reduced global RNA
binding in stem loop regions ia background devoid af®A (Mettl3/Mettl14
knockdown)(Liuet al,, 2015) Thre results also identified 2798 switches with 87%

of them occurring on intronsalluding to a possibleole in splice site selection.
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Gene ontology analysis é¢fnrnpCswitches revealed an influence towards cell

proliferationtranscripts(Liuet al,, 2015)

1.4.4m°A ReadersYTH domaircontaining family proteins

\thdf1/2/3 are cytoplasmic readers that recognise théAwia an aromatic
cageconsisting of two conserved trypttyan residuesjocated in the YTH domain
(Zhanget al, 2010; Let al, 2014;Xuet al,, 2014, 2015h)Although alidentified
cytoplasmic readers contain a YAM3A RNA binding domain thelffer in further

domain composition allowing for an arrayfahctions(Yueet al., 2015)

Ythdfl is responsible for ribosomal loadimgto methylated transcripts
and subsequentlyheir expression. This function is apparent as the interactome of
Ythdfl is heavily populated with translation initiation factors, notably elF3.
Although thdf1l has no preference to methyladenosine consensus sequéXae
et al. 2015) this mechanism only occurs on a subset dfAntranscripts (4951
transcripts revealed via PAERLIP), specifically those with binding sites clustered

around the stopcodon(Wanget al., 2015)

Converselythdf2 destabilises its #-mRNA targetsn the cytoplasm by
directly recruiting them to the CCRNIOT deadenylase compléRuet al., 2016)
The methyladensoindthdf2c o mpl ex can be | ocd&andd i n tF
alters the lifetime of transcriptsThis degradation mechanism is orchestrated by
the Nterminus ofvthdf2w h i | s-terminus YEH d@nain binds®#(Leeet al,,
2014; Zhouet al, 2015) This leads to the formatiowmf a multidimensional
mechanism forselect transcript expression via the®modification asYthdfl
promotesprotein expression andthdf2 caninducetranscript degradationCross
talk between these proteins is evident as they share 50% of their taf@éaget
al., 2015) vthdf2 carries out an alternative role in the heat shock response
pat hway. Upon heat shock i %Adnodifieaton st r es s
occurscoupled with a fourfold increase in Ythdf2 protein levels and subsequent

translocation into the nucleusWithin the nucleusvthdf2 bi nd s toMh e 5" m
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preventingFTO accesgrotecting the modificationYthdf2 remainsboundduring
nuclear pore translocatiorand promotes capindependent translationin the
cytoplasm(Zhouet al, 2015) A third member of the cytoplasmic Y¥tdomain
subfamily, Ythdf3, has been identified in both translation and degraddShiet
al., 2017) The current literature paints a methylation dependent regulatory

pathwayorchestratedby the cytoplasmic Yth containing proteins.

Viral replication mechanisstan employ Ythdproteins. The Zika virus a
member of the Flaviviridae family of positive single stranded RNA viruses has its
genome methylated by the host% machinenat twelve separate locationsnd
subsequently bound by'thdf proteins. The Ythdf proteins appear to keep \at
replication to a minimum as depletion of the readers causes an increase in viral
protein production(Lichinchet al., 2016) An opposite affect was observedHih\/

1 infection; Ythdf proteins bindthe 3’ U ®A Riitesmenhancing viral protein
production. It was also shown that over expression of ¥hdf enhances viral
replication up to six fold. Further evidenees generated demonstrating CD4+
cells only express Ythdéhd its knockdown within these cells results in reduced

viral replication upon infectiofiKkennedyet al., 2016)

Ythdcl (YT521B) is a nuclear YTH domain containing proteitially
thought to be a splicing associated factgtartmannet al, 1999) Early work
identified nuclear YT domainsomsisting of Ythdcl and &m63, a nuclear
transcriptomal scaffold proteinY T domains forrat the beginning of $hase and
disperse during mitosiéNayleret al, 2000) The YT domains surround nuclear
speckles and are focal points of transcriptishown by their dispersal upon
Actinomycin D treatmen{Nayleret al, 2000) The formation of YT bodies is
controlled via tyrosine phosphorylation 8thdcl phosphorylatingrthdcl1blocks
its interaction with &m63 resulting insequestration at an insoluble si{Rafalska

et al,, 2004)

A recen crystal structure of Ythdcl revealed details of it§Anbinding
activity. Firstly unlike the otherYthdf proteins Ythdcl preferentially bound a
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GGMA motif (Xu et al, 2015a) but still recognised the modification via two
tryptophan residues within an aromatic caféuet al, 2014) PAR CLIP analysis
identified Ythdclbound to transcriptsat stop codons(30%) and the coding
sequencd34%) Interestingly 2% of allythdclbound transcriptsare shared with
Ythdf2and 13% of all bound targets having a role in transcriptional regulé¥an
et al,, 2014) Furtherstudies have unravelled the details ¥thdcland its role in
m®A dependentsplicing regulation.Ythdc1 promotes exon inclusion working
cooperativelywith splicing factorSrsf3 Conversely\srsf10 carbind close to the
m®A site blockingYthdcImRNA assodi@n therefore resultingin exon skipping
(Roundtree and He, 2016; Xiab al., 2016) The current competition model of
Ythdcl Srsf3and Srsfl0provides mechanistic reasonindor previous results
showirg exon inclusion i¥thdcldosage dependeniNayer et al, 200Q Rafalska
et al., 2004)Move evidence for multiple roles conducted by Ythdc1 was presented
by Patil et al. 2016indicating Ythdcl inransaiptional silencingby XIST in a

methylation dependent mechanism.

1.4.5Cellular processsand Epitranscriptomics

Above we have discussed the key players and mechanistic details of the
mPA pathway. Working in concert these factors conduct cellulartfans and if
perturbed can result in tissue specific phenotypes. An example was demonstrated
in Alkbh5deficient mice. Removing Alkbh5 results in a significant increaséAdf m
in MRNA, this leads to the apoptosis of spermatocytes and therefore defective
fertility in these micgZhenget al., 2013) It was not explored, but one may suspect
this is a result of Ythdf2 demdent mRNA degradation. The cells circadian rhythm
also appears to be regulated by’Anand its protein interactome. Knockdown of
Mettl3 results in a prolonged circadian period due to the reduced nuclear kinetics
of two clock genes, Per2 and Arntl. Thigyplayed a nuclear accumulation and are
therefore decreased translation, causing a delay in the circadian (ffoskinet

al., 2013)
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The distribution of rPA within the human andnouse embryonic stem cell
(ESC) transcriptome has revealed a unique methylation deg@nagulatory
mechanism. Core factors required for pluripotency were identified as Mettl3
targets and therefore methylateBatistaet al., 2014) Removal of Mettl3 resulted
in impaired differentiation. Overall the $A mark is required for ESGo
differentiate into specific lineages. The?A modificationis thought to reduce the
stability of specific mRNAs required for E&Cmove from a naive to a primed
state (Geulaet al,, 2015). Theefore with low nfA levels in ES(@lated transcripts
pluripotency can persist. Mechanistic details of ESC reprogrammingfhihave
recently been revealed. Chromatin associated zinc fipgetein 217 Zfp217, is
responsible for the regulation of core stecells genesandwas found to associate
with Mettl3. High Zfp217 levels in ES€sult in the sequestering of Mettl3 and
therefore a reduction in methylation upon target mRNAs. Upon differentiation,
Zfp217 levels decrease resulting in the release of Me#ind its subsequent
complexing with Mettl4. The Mettl3/Mettll4 complex acts upon key target
Nanog Sox2and Kif4. The methylation of these transcripts results in their

degradation and ultimately differentiation of the EGXguiloet al., 2015)

Furthermore although demethylase enzymes have been identified the
modification appears to be static in nature. Upontcanscriptional addition of
meA, the mark persists from chromatin associated to cytoplasmiRNA. It was
also revealed that 8\ has no influence on the splicing reaction for modified

MRNAgKeet al., 2017)

Cellular response mechanisms upon stress have been found to contain
epitranscriptomic traits.The previously mentioned heat shock induced nuclear
translocationof Ythdf2 resulting irprotection of specifictnRNAtargets is one
example(Zhouet al., 2015) A more recent study identified $A as a key regulator
in ultravioletinduced DNA damage respongé@anget al., 2017) The DNA damage
response is cellular DNA repair mechanism that detedeamage and halts cell
division until the repairs have been carried out. Observations noted that at sites

of DNA damage rapid localised deposition ¢Arapon select PolyA+ transcripts
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occurred. The consequence lotalisedmPA deposition at these sites appears to

be for DNAepair enzyme DNRolk localisation(Xianget al.,, 2017)

1.5m®A and TREX

The epitranscriptomic literature is littered with evidence linking th&Am
machinery and the TREX complex, a quick reference guide is displayed in Figure
1.7. Historic work observed a nuclear export and processing defected of SV40
MRNA during infection when subject to a methionine inhibitor. It was noted a
reduced level of methytson deposition within SV40 mRNA reduced cytoplasmic
levels but nuclear abundance remained unchanged, indicating an export defect
(Fnkel and Groner, 1983ecent work focusing on key members of the machinery
has revealed further details on m6A and mMRNA export. Wtap s@sstrometry
revealed Alyref and Uap56 as binding partn@tsriuchiet al., 2013) Knockdown
of Mettl3 resulted in a delay of nascent transcript exp@fustinet al, 2013)
Furthermore Alkbh5 knockdown kuinated in an increased PolyA+ RNA signal
within the cytoplasm(Zhenget al., 2013) Historic work on Alyref alsevealed an
interaction with Kiaal429 via maspectrometry (Masudaet al,, 2005) With the
current evidence in mind we set out to identify and dissect a possible interplay

between the fA machinery and the nuclear export of mMRNAs via TREX.
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1.6 Aims of Study

The links between the #A pathway and TREX aboveyided a base for
us to begin our investigation of a functional overlap between the two pathways.
We set out to identify any methylation response upon perturbation of mRNA
export. Following this we aimed to refine and build on current interaction data
between TREX members and methyltransferase machinery. This will allow us to
construct a detailed map of proteiprotein interactions shared between the

complexes.

Following these binding studies we aim to identify the functional
relationship imparted by thenteractions. We will first use global techniques to
measure any mRNA export phenotype upon knockdown of methyltransferase
members. However we predict we will have to be more specific as the
modification only affects a small proportion of the transcriptaniderefore we
will look at the export of specific methylated transcripts that have already been

identified within the literature.

Finally we plan on investigating the nuclear reader Ythdcl. Again we will
conduct interactions studies with TREX members global MRNA export assays.
We will construct inducible RNAI stable cell lines allowing for a variety of export
assays to occur. The export of specific Ythdcl bound transcripts will be assayed
with the RNAI stable cell line. Finally we will look at therplay between the
methylation writers and readers as this has yet to be discussedinwitie
literature. We will conduct mRNA localisation studies and binding studies in a
variety of knockdown backgrounds. The culmination of this work will dissect the
interactions between two pathways and give details on how they work in unison

for a specific subset of MRNA transcripts.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Bacterial Strains and Media

All Escherichia caditrains were purchased fromnvitrogen

Strain Genotype

DH5 a ~ ®8lacZz AM1 5 lacZ YWargF)
Ul69recAlendAlhsdR17 (rk, mK+)phoAsuE44
Athi-1 gyrA96relAl

BL21 CodonPlus Rl B FompT

Growth Media

Sterilised via autoclaving 15Ib/in2 for 15 minutes. Stored at room temperature.
Luria Bertani (LBY10 g/L Tryptone, 10 g/L NaCl, 5 g/L Yeast extract.

LB AgarAs above with addition 1.5g/100 mL Agar.

Terrific Broth: 12 g/L Tryptone, 24 g/L Yeast extract, 4mL/L Glycerol, 2.31 g/L
KHPQ, 15.54 g/L HHPQ.

Super Optimal broth with Cebolite repression (S.0.C)Purchased from
Invitrogen life science. 20 g/L Tryptone, 5 g/L Yeast extract, 4.8 g/L4Vg808
g/L Dextrose, 0.5g/L NaCl, 0.186 g/L KCI.
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Antibiotics

Used as selective agents for identification of succes$utoli plasmd

transformations.

Antibiotic Concentration

Spectinomycin 50 pg/mL

Ampicillin 100 pg/mL

Chloramphenicol 12.5 pg/mL

Kanamycin 50 pg/mL (30 pg/mL for Agar)
2.1.2 Plasmids

Plasmids Manufacture | Resistance Gene | Tag

pGEX6pl Amersham Ampicillin GST

pET2b Novagen Kanamycin 6xHis

p3XFlagnycCMV26 | Sigma Ampicillin Flag/myc

PcDNABFRT Invitrogen Ampicillin N/A

pClneo-MS2 Promega Ampicillin Myc

pcDNAG.2nIR Invitrogen Spectinomycin N/A

2.1.3 Tissue Culture
Growth Media

Cells propagated in Dulbexx Modified Eagle Media (DMEM) (purchased
form Sigma). DMEM was supplemented with 10% fetal calf serum (FCS), 1%

penicillinstreptomycin and 2mM glutamine (purchased form Life Technologies).
Cell Lines
All cell lines were purchased form ATCC or Invitrogen

HEK293T—Human embryonic kidney.
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Flpin HER93T— Human embryonic kidney. Contains a single integrated FRT site

at a transcriptionally active genome locus.

HelLa- Cervical cancer cells.

2.1.4 Buffers and Solutions
DNA and RNA

6x DNA Loading Buffer0.25% Xylene cyanol, 0.25% Bromophenol blue, 30%
Glycerol

5x Trisborate (TBE) Buffer54 g Tris base, 27.5 g Boric acid, 20 mL 0.5M EDTA
(pH8.0), brought up to a final volume of 1000 mL with distilled water.

Protein Purification Buffers

Cobalt Binding Bdér: 50 mM Tris Hcl (pH 8), 1 M NaCl, 0.5% Tirton X, 5 mM

Imidazole, 5% Glycerol.

Cobalt Wash Buffer50 mM Tris Hcl (pH 8), 1 M NaCl, 0.5% Tirton X, 10 mM

Imidazole, 5% Glycerol.

Cobalt Elution Buffer50 mM Tris Hcl (pH 8). 500 mM NacCl, 200 mM Imidazole,
10% Glycerol.

GSH Elution Buffer5s0 mM Tris Hcl (pH 7.5), 100 mM NaCl, 40 mM reduced
Glutathione. Stored 4°C

SDSPAGE/Western Blot Buffers

4x SDSPAGE Loading Buffe200mM Tris HCI (pH 6.8), 1%Bromophenol blue, 50%
Glycerol, 10% Sodium dodecy! sulph¢@®sS).

4 x SDSAGE Stacking Gel Buffé5 M Tris HCI (pH6.8), 0.15% SDS.
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4x SDSPAGE Resolving Gel Buffért5 M TrisHCI, (pH 8.8), 0.15% SDS.
SDSPAGE Running Buffe25 mM Tris, 250 mM Glycine, 0.1% SDS

Coomassie Brilliant Blue Stain®.1% Coomassidrilliant Blue R50, 40%
Methanol, 10% Acetic Acid.

Destain Solution40% Methanol, 10% Acetic Acid.
Transfer Buffer39 mM Glycine, 48 mM Tris, 0.037% SDS, 20% Methanol

BioRad TurboBlot Transfer Buffe200 ml 5x Commercial Stock combined with
200 ml Ehanol, 600 ml H2@,.

5% Blocking Solutior2.5 g Powdered Milk, 5 ml 10 x TBS, and 0.2% T&&en

PolyA+ RNA Purification Buffers
PolyA+ Binding Buffer20 mM TrisHCL pH 7.5, 1 M LiCl, 2 mM EDTA pH 8.
PolyA+ Wash Buffer B0 mM TrisHCL pH 7.5, 150 mMCI, 1 mM EDTA pH 8.

PolyA+ Elution bufferl0 mM TrisHCL pH 7.5.

MRNP Capture Buffers

2 x Binding Buffer20 mM HEPE&NaOH pH 7.5, 1 M NaCl, 1 % SDS, 0.2 mM EDTA
pH 8.

MRNP Lysis Buffes0 mM HEPE&NaOH pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM
EDTA pH.0, 0.5 % Igepal €80/NR40, 0.5 % Naleoxycholate, 10 % glycerol.

1 x Binding Buffer1:1 Mixture of 2 x binding buffer and mRNP lysis buffer.

MRNP Elution BufferdO mM Tris pH 7.5, 1 mM EDTA pH 8.
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Protein Immunoprecipitation Buffers

IP Lysis Buffer50 mM HEPENaOH pH 7.5, 100 mM NaCl, 1 mM EDTA pH 8.0,
0.125 % Triton 400, 10% Glycerol, 1 mM DTT.

High Salt IP Lysis Buffes0 mM HEPENaOH pH 7.5, 1 M NaCl, 1 mM EDTA pH
8.0, 0.125 % Triton-X00, 10% Glycerol, 1 mM DTT.

Arginine Elution Bufferl M ArginineHCI pH 3.5

MS2tethered Assay Buffers

Luciferase Assay Buffee5 mM GlyGly pH7.8, 15 mM KRG pH 7.8, 15 mM
MgSQ, 4 mM EDTA pH 8,1 mM DTT, 2 mM ATP (added fresh before use).

3-galactosidase Detection KiPurchased from Clonetec Bioscienc

MTT Assay Buffers
MTT Solution5 mg/ml MTT dissolved in PBS.

MTT Solventd mM HCI, 0.1% NP40 dissolved in isopropanol.

Microscopy Technique Buffers

Fix Solution4% paraformaldehyde, 0.18% Tritdfhmade up in 1 x PBS with a final
pH 7.4.

Hybridisaion buffer: 20 % Formaldehyde, 2 % SSC, 10 % dextran sulphate, 1%
BSA.
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RNA Nuclear/Cytoplasmic Extraction Buffer

N/C Lysis Buffer320 mM Sucrose, 3 mM CaCl2, 2 mM MgCI2, 0.1 mM EDTA pH 8,
10 mM TrisHCI pH8.0

Buffer A:10 mM HEPES pH 7.5, 10 mM K@ glycerol, 4 mM MgCI2, 1 mM DTT,

1 x Protease Inhibitors.

NRB:20 mM HEPES pH 7.5, 75 mM NaCl, 1 mM DTT, 50% Glycerol, 1 x Protease

Inhibitors.

NUN:20 mM HEPES pH 7.5, 300 mM NaCl, 1 mM DTT, 10 mM MgCI2, 1 M Urea, 1
% NP40

RNA Immunoprecipitation Bu#irs

RIP Lysis Buffe60 mM HEPEBCI pH 7.5, 150 mM NacCl, 10 % glycerol 1940\P
0.1% SDS, and 0.5 % sodium deoxycholate.

RIP High Salt Wash Buffés® mM HEPEBCI pH 7.5, 1 M NaCl, 10 % glycerol 1%
NR40, 0.1% SDS, 0.5 % sodium deoxycholate.

2 x Revese Crosslinking Buffed00 mM Hepes pH 7.5, 200 mM, NacCl, 2 % SDS,
10 mM EDTA pH 8, 20 mM DTT
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Miscellaneous Buffers

1x PBS (Phosphate buffered saling@g7mM NacCl, 2.7 mM KCL, 4.3 mM bR,
1.47 mM KH2PO4. HCL used to bring to pH 7.4

1x PBSTween:1x PBS containing 0.1% Twezh

1x TBS (Tris Buffered Salin& mM Tris HCI (pH7.5), 150 mM NacCl.

1x TBSTween:1x TBS containing 2% Twe2.

ECL Solution #1:00 mM Tris HCI (pH 8.5), 10 mM EDTA (pH 8.0), 1M NacCl.

ECL Solution #2:00 mM Tris HCI (p815), 5.3 mM Hydrogen Peroxide.

2.1.5 Molecular Biology Kits
Small scale plasmid DNA extraction and purificatio®iagen Mini Spin

Preparation kit.

Medium scale plasmid DNA extraction and purificatioi®iagen Midi Spin

Preparation kit.
DNA extraction fran agarose gelsQaigen Gel Extraction Kit.

RNAI Hairpin design and Construct creatidnvirtogen BlocHt RNAI
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2.2 Methods

2.2.1 Molecular Biology
Polymerase Chain Reaction (PCR)

PCR reactions were set up with a final volume of 50 pl containing 60 ng
template DNA, 10 uM forward and reverse primers, 1x reaction buffer, 200 uM
dNTPs, 2.5 U of DNA Polymerase (dependent on manufactures requirements).
Routine PCR reactions underwent 35 cycles witararealing temperature of 59
62°C (primer dependent) and an extension

dependent on target size and polymerase.

Reverse Transcriptase Polymerase Chain ReactiorPEGR)

All RTPCR reactions were carried out using BieScript Kit form Bioline.
RTFPCR reactions were carried out in two steps. Step one the total RNA template
(500 ng5 pg), 200 uM of dNTPs and Qiagen Random Hexamer mix (2 uM) were
mixed in a 200 yl PCR tube and made to a final volume of 10 pl. The nvidare

heated to 70°C for 5 minutes then i mmedi ¢

Step two consisted of preparing a reaction mix by adding 5 x RT buffer, 200
U Ribosafe RNAse Inhibitor (Bioline) and 200 U Bioscript Reverse Transcriptase.
Then made p to a final volume of 10 pl. The reaction mix is then added to the

step 1 RNA mix. The sample is homogenized by pipetting up and down gently.

Samples and then incubated at 25°C fo
30 minutes. Termination of the reactiosi achi eved by heating

minutes. The resulting cDNA is either used directly for gPCR or stor2dat C
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Quantitative PCR (qPCR)

cDNA from RPPCR was diluted-2 fold with RNaséree HO. qPCR
reactions were set up on ice. Each reaction cstesi of 2 pl diluted cDNA, 1 pl
primer mix (100 ng/pl), 5 pl 2 x Sensimix (Bioline) and 2 pl RikssdtO.
Reaction were cycled as foll ows; 10 minu
95°C, 15 seconds 59°C and 25 isaaigends 72°
Roto-gene Q.

DNA Restriction Digest

Restriction digest reactions were carried out in optimal buffer that is
designated by the manufactur houRpeacti ons
microgram. If fast digest enzymes were used reactiors warried out for 10

mi nutes at 37°C per microgr am.

Agarose Gel Electrophoresis of DNA

The required amount of agarose wassblved in 1x TBE and heated in
800w microwave at 80% power ford3minutes. The mixture was allowed to cool
before the addition of ethidium bromide (Biead) to a final concentration of 10
pHg/mL. The agarose mixture was poured into an appropriate mont awell

comb inserted. Left to set a room temperature.

Agarose Concentration (%)| Effective Range of DNA Molecule Separati
(kb)

0.5 1-20

0.8 0.810

1.0 0.57

1.5 0.2-3

2.0 0.1-2
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The set gel was loaded into an electrophoresis tank-Eid) and filled
with 1x TBE until the gel was covered. DNA samples were loaded with
corresponding commercial makers and run at a constantagelt 960110 volts
depending on gel/tank size. Gels were run until loading dye was no longer present.
Visualisation of DNA bands occurred upon exposure to a UV light source using a

transilluminator.

Extraction of DNA from Agarose Gel

DNA fragments that hatbeen resolved by gel electrophoresis and are
required for downstream procedures are removed from the agarose gel with a
sharp blade. Purification of this gel containing DNA fragment is done via Qiagen

Gel Extraction kit according to manufactures instrois.

Phenol Chloroformisoamyl Alcohol DNA purification

The DNA sample is made up to 100 pl usie@+d. Phenol chloroform
isoamyl alcohol is then added at a 1:1 ratio, therefore 100 pl. Mixture is vortex for
1 minute. Then centrifuged 3 minutes at 280 rpm, room temperature. Upper
phase removed to a fresh tube containing 10 pl of 3 M Sodium acetat®.@)H
and 300 pl 100% ethanol. Mixed by inverting 10 times. Incubated &° C f or 30
minutes minimum. Then centrifuge for 30 minutes 13 200 rpm. Supernatant
removed, 70% ice cold ethanol added. Spin 10 minutes 13,200 rpm. Supernatant
removed and pellet aidried. Once dried pellet was resuspended in required

volume of HOmg.
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Ligation of DNA

200 ng of digest and purified vector was incubated with respective DNA at
ratios of either 1:1, 3:1 or 5:1 insert at room temperature for 1.5 hours. The
reactionmixture was made up according to manufactures guidelines with a final

volume of 10 pl and containing 1 U of T4 Ligase.

Transformation of Chemically Competent Escherichia coli

Competent cells were thawed on ice. 100 ul of competent cells was then
added to10 pl of the ligation reaction or 2.5 ul of an existing construct/plasmid.
The reaction mixture was allowed to equilibrate on ice for 15 minutes. Heat shock
was then preformed, 5 minutes at 37°C. Po
and cellsallone t o recover for 1 hour at 37°C,
spun down 6800 rpm, 1 minute. Cell pellet then resuspended in 100 ul LB and
spread onto prevarmed antibiotic containing agar plate then incubated overnight

at 37°C

Plasmid DNA Isolation fror&.coli

All plasmid DNA isolation was carried out using Qiagen purification kits.
Cultures for midpreps ranged from 5200 ml and for mini B mL, of bacterial
culture in LB. Al | cultures were incubat

rpm. Purificaion was subsequently conducted using manufactures specifications.

Molecular Cloning by Restriction Digest

Recipient plasmids underwent double restriction digests. 4 ug of plasmid
was digested with 50 U of each edaofzyme f o
digest the plasmids samples undergo phosphatase treatment (CIAP, Calf Intestinal

Al kaline Phosphatase), 1 U of enzyme fo
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plasmid then undergoes DNA pherablloroform extraction and ethanol

precipitation, resuspend irequired volume of bDmg.

Insert fragments are generated via PCR. Primers are designed with the
required restriction digest recognition
PCR products are run on appropriate agarose gels are gel extractedtlising
Qiagen kits. Gel extracted products where eluted into 50 4@ 4 and double
restriction digest performed overnight, 1
chloroform extraction and ethanol precipitation resuspend in required volume of

HZqu-

Concentration of DNA was determined 200 ng of linearized vector and
correspnding insert (ratios of either 1:1, 3:1 or 5:1) went into the T4 ligase

reaction. Ligation product was subsequently transformed BiooliD H5 o .

Molecular Cloning by Isothermal Assembly (ITC)

The Gibson Assembly Cloning Kit (New England Biolabsyedfoun all ITC
cloning. The following reaction was set up on ice; @® pmols of linearized
vector and PCR fragments, 10 ul 2 x Gibson Assembly Master Mix and made to a
final volume of 20 pl using2®@ mq. Samples are then incubated for 15 minutes at
50 C in a thermocycler and subsequently t
then used for transformation into NEBaipha competent E.Coli (New England
Biolabs). Cells are incubated with the reaction for 30 minutes on ice then undergo
a 30 s eCheanstockd TuBes are then incubated on ice for 2 minutes before
adding 950 pul SOC medi a, proceeded by a
250 rpm. 100 pl of cell suspension is plated onto selective agar plates and

incubated over night at 37°C.
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Claning BLOCKT RNAI Vectors

The BLCOK RNAI system is a commercially available cloning kit. It
contains a prdinearized pcDNA 6.2GW miR vector. RNAI hairpins are designed via

the BLOCK T manufacturer’s website (Il nvitroge

DNA Sequencing

All plasmid DNA sequencing was outsourced to Source Bioscience

LifeSciences using stock primers provided by them.

50



2.2.2 Protein Biochemistry and Expression

Recombinant Protein Expression in E.coli

Plasmid constructs were transformed inEcoliBL21 codon pluRP for
protein expression. Expression test were conducted with a single transformed
colony that was cultured in 10 ml TB (wi
200 rpm. The culture was grown to 0.6 OD then induced for 2 hours with 1 mM
| PTG, ®&shakidg 28hrpm. The culture was then pelleted, 6800 rpm

resuspend in appropriate binding buffer for purification or stored2a0 ° C.

Big batch protein expression was conducted in 2000 ml conical flask. An
overnight starter culture (containing selectiantibiotic and chloramphenicol)
was used to inoculate 750 ml of TB (containing appropriate antibiotic) to 0.050D.
The culture was grown 37°C, shaking 200 r
| PTG. I nduction occurred aCultueothe@spsnhaki ng
down at 4000pm andresuspended in appropriate binding buffer for purification

or stored-2 0 ° C.

Purification of Affinity Tagged Recombinant Proteins from E.coli

All recombinant protein purification was done in the presence of 1x
protease inhibitors (Sigma Protease cocktails) and RNAse A (if required). GSH
beads where used for GST tagged constructs. For expression test 30 pl of bead
slurry was washed with 1 ml 1x PBS, 0.1% Tvi2®@ap. Bacterial pellets are
resuspend in PBBween,1 x praase inhibitor cocktail and lysed by sonication, 5
seconds on 25 seconds of f, |l ysate was cl
Lysate was added to washed GSH beads the
rpm for 1 hour to allow binding. GSH beads wérert pelleted 400 xg and washed
3 x with 1 ml of PBSween. After the third wash beads were dried and 60 pl of
GSH Elution buffer added. Protein were el

15 rpm.
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HexaHis tagged recombinant proteins followed the sametocol for
expression test as GST tagged constructs. Hixaagged protein purification
differed via use of 40 pl of Cobalt bead slurry and Cobalt binding buffer, 1 x
protease inhibitor cocktail to resuspend cells and Cobalt binding buffer to wash
bead slurry. Cobalt wash buffer to washed bead post binding incubation and
Cobalt elution buffer for elution. When purifying larger quantities of recombinant

proteins the above protocols were scaled up appropriately.

Pulldown Binding Assay using Recombinddrbteins

Protein pulldown assays were performed with either 30 pl GSH or 50 pl
Cobalt bead slurry per condition. Bait proteins were purified as described above
then allowed to bind to required beads 1
beads were wshed 3 times with appropriate buffers, upon final wash resuspend
in 400 pl wash buffer. Prey proteins were lysed in identical buffer to bait bead
wash buffer. Cleared lysate containing the prey protein was added to the bead
bound bait at a molar ratio of:2 or higher if stated. Pulldowns occurred for 1
hour , spinning 15 rpm at 4°C. Once compl
required buffer then subsequently eluted into 60 pl elution buffer. 12 pl of elution

was run on a 12 % SIPAGE gel.

In-Vitro expression systems

In-vitro expression of plasmid constructs was achieved via the Flexi Rabbit
Reticulocyte Lysate System (Promega). The manufactures protocol was not
followed, all reaction had a final volume of 10 pul. Extra precautions were taken to
maintainRNase free plasticware. The reaction consisted of 8 ul rabbit reticulocyte
lysate, 1.5 pl DNA (final weight of 250 ng) and 0.5 pl S35 Methionine. Reaction
were incubated for 1.30 haus, 30° C. 8 pl reticulocyte r

pelleted beads (GSH or Cobalt) that had a suspected interaction partner already
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bound (bait). The remaining 2 pl of Reticulocyte reaction was used as an input for
SDSPAGE. Washing and elution of prioteomplexes proceeded as described in

the above section (Pulldown Binding Assay using Recombinant Proteins).

Protein Immunoprecipitation

Each condition requires 60 ul Protelh beads bl ocked over n
500 pl of IP lysis buffer containing 1 %"Band 210 pg of antibody. Beads are then

washed 3 times in 1 ml IP lysis buffer.

Cells are washed with PBS before being lysed in IP lysis buffer containing
protease inhibitors, DNAse 1, RNAse A and DTT. Extracts are cleared via
centrifugation at 13 200r p m, 5 minutes at 4° C. Equal
(measured via Bradford assay) are loaded onto the beads and incubated for 2

hours at 4° C r10 toaftextracyis képs onice for the iGputl

Beads are then washed 3 times in 1 ml ice colgdR buffer. Inverted 10
times and spun at 400 xg for 1 minute. After the final wash beads were dried using
a gel loading tip and resuspend in 72 ul Arginine elution buffer. Beads were
incubated for 2 minutes at room temperature and then spun for 1 miraitd00
xg. Eluate is then transferred to a fresh 1.5 ml tube and subsequently neutrilised
with 3ul 1.5M Tris.HCI (pH 8.8). Eluates are resolved byPBIBE& and underwent
subsequent Western blot analysis.is worth noting two separate antibodies for
Wtap ColP experiments have been employed. The antibody used will be disclosed
within the accompanying figure descriptions. Antibodies from Abcam

(Ref:ab195380) and Santa cruise (no longer available).
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Flag Tagged Protein Immunoprecipitation

Flag tagged catructs were transfected 482 hours prior to
immunoprecipitation. 50 pl of Flaggarose beads (Siga#ddrich) are blocked for
2 hours in IP lysis buffer containing 1 % BSA. Theafg&agse beads are then
washed 3 times in 1 ml IP lysis buffer. Procegsincells and lysis is as above (see.

Protein Immunoprecipitation).

Elution of Flagagged constructs is done via competition. Beads are dried
and resuspended in 60 ul of Flag peptide and incubated for 1 hour rotating at 18
rpm 4°C. Beads 480 x and feleate resnpvedn Eluates are
subsequently resolved by SIPAGE and analysed via Western blot.

High Salt Protein Immunoprecipitation

High salt Immunoprecipitation experiment were carried out as follows
above (see. Protein ImmunoprecipitatiorlVith the addition of 3 times 1 ml
washed in high salt lysis buffer (1 M NaCl) after the initial post incubation washes.
A subsequent 3 time’s 1 ml wash step occ

treatment.

MRNP Capture Assay

MRNP capture assaysere used to identify protein interactions with
MRNAIn vivoin varying conditions. 1 x 15 cm dish was used per condition and was
incubated depending on RNAI needs or confluency. Prior to starting the assay the
2 x binding buffer was incubated at 37 °
1.1 mRNP lysis buffer thi2 x binding buffer. Per condition a 100 ul of magnetic
oligo dt beads (New England Bioscience) were used and washed 3 times in 1 x
binding. Cells were crosslinked with 300 mJ/cm2 U.V on ice whilst covered in cold

PBS. Whilst crosslinking was occurdagtrol plates were processed (minus U.V).
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Each 15 cm dish was lysed in 600 pl of mRNP lysis buffer supplemented with
protease inhibitor cocktail and RNase inhibitors. One control dish was lysed lacking
RNAse inhibitors and subject to RNAase A treatmerthis will allow for
conformation of a PolyApulldown of observed proteins.-10% of the cleared

lysate is kept on ice and used as an input.

Post |l yses samples were spun at 4 °C
subsequently transferred to a new pre cooltdbe. Lysates were then quantified
via a Bradford assay. Equal loading was calculated for addition to the oligo dt
beads, each sample was denatured by adding 1:1 lysate and warm 2 x binding
buffer at room temperature. Finally before addition to the beaddumes were
equalled with 1 x binding buffer. Denatured lysates were added to the beads and
incubated for 1 hour at 25 °C rotating af
1 x binding buffer at room temperature. Each wash consisted of 1 ml binding
buffer, inverted 10 times and then resting on the magnetic rack for 2 minutes.
Once washed, beads were dried using a gel loading tip and then resuspended in
60 ul of MRNP elution buffer supplemented with RNase A. Elution was carried out
at 25 ° C s hnafeori30 minues. Be8d8 Wererthen incubated on the
magnetic rack and eluates removed. Eluates and inputs are resolved H/ASERES

and analysed via Western blot.
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Sodium Dodecyl SulphatePolyacrylamide Gel Electrophoresis

All SDSPAGE gels were run &80 mA for 1 hour in the Bimad

Electrophoresis Chambers.

5% Stacking Gel

Component Volume
H2Omq 6.3 ml
30% Acrylam/0.8% Bisacryl 1.2 ml
Tris pH 6.8 3.5ml
10% APS 50 pl
TEMED 20 pl
12% Resolving Gel
Component Volume
HzOmg 3.5ml
30% Acrylm/0.8% Bisacryl 4 ml
TrispH 7.8 2.5 ml
10% APS 50 pl
TEMED 20 pl
10% Resolving Gel

Component Volume
H2Omq 4.1ml
30% Acrylam/0.8% Bisacryl 3.33 ml
TrispH 7.8 2.5 ml
10% APS 50 pl
TEMED 20 pl
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Western Blotting

A semi dry western blot tramsr system was used for all transfers. The
transfer cassettes were constructed from 6 sheets of Whatman filter paper (10 cm
by 6 cm) and a single sheet of Whatman membrane (10 cm by 6 cm)-abgked
in transfer buffer. Three sheets of filter paper tnlled by the membrane then the
SDSPAGE gel then the final three sheets of filter paper layered on top of the gel.
Transfer occurs for 1 hour at 150 mA. The quality of protein transfer was then

assed via Poncead stain.

Blocking of the membrane was doniaaddition of 15 ml Blocking solution
onto the membrane gently shaking for 1 hour. Blocking solution was removed and
primary antibodies were added (in recommended dilutions) to 10 ml blocking
solution, mixed and poured onto the membrane. Incubated gesltigking for 1
hour. After primary incubation the membrane was washed 3 x briefly with TBS

Tween followed by 3 x 15 minutes washed whilst shaking.

Secondary antibody was then incubated on the membrane, again at
required dilution in 10 ml of blocking solutiolncubated 30 minutes on shaker.
Postsecondary incubation the membrane was washed 3 x briefly witAiTTig®n
followed by 3 x 15 minutes washed whilst shaking. Membranes were exposed via
the addition of 1:1 volumes of EQland EGPR solution and beinglpced into the
transilluminator. Exposure in the transilluminator occurred at position O, setting
Chemi Hi Sensitivity starting at 0.05 with the iris completely open. Pictures for
protein markers were taken post exposure using the EPI White setting and not

moving the membrane allowing for direct comparison.

Loading was normalised via probing the membrane with-&nobulin or
anti-Actin at a dilution of 1 in 10 000 and an amtouse secondary at a dilution of
1 in 10 000. Prior to probing for Tubulin/Actime membranes were washed 3 x
briefly with TBSTween followed by 3x 15 minutes washed whilst shaking. After

probing the same exposure protocol as described above was followed.
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Protein containing membranes were stored in 10 mI-TB&en containing
0.02% Az de at 4 °-mabingRhe meambrarte was washed extensively (20

ml x 3 15 minute incubations whilst shaking) with ITB&en to remove Azide.
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2.2.3 Mammalian Cell Biology

Mammalian Tissue Culture

All cells grown as a monolayer in DMEM supplememtgd 10% fetal calf
serum (FCS), 1% penicHétteptomycin and 2 mM glutamine and incubated at
37° C wi 1 QellssadpaSs@ged twice a week, upon each passage cell were
washed with 1x PBS then detached using 0.25% Trypsin/EDTA solution that had
beenpre warmed to 37°C. Trypsin was deact.i:

appropriate amounts distributed into flask and/or dishes.

Long Term Storage of Cells

All tissue culture cell lines are stored cryogenically until required. Cells are
spun down atLl000 rpm and then the pellet was resuspend in cell freezing media,
FCS and 10% DMSO, at a concentration of 3cell8/ml. The resulting suspension
was transferred into 2 ml cryovials (1 ml of cell suspension) frozen-h@°® C

freezer, when frozen trarisrred to liquid nitrogen storage.

Defrosting cells from cryogenic stor ac
washing of the pellets in 10 ml pwearmed DMEM. The pellet was finally

resuspend in 5 ml DMEM and transferred to a culture flask .

Transient Tansfection using TurboFect

Transient transfections were carried out using TurboFect transfection
reagent (Thermo Scientific). For a 6 cm dish 6 pg of DNA and 1 ml of reduced serum
media (Hyclone MENRS) were incubated at room temperature with 12 pl of
TurboFect for 20 minutes. Following incubation, all of the media/DNA solution was
gently added to the receiving cells. A 24 well plate followed the same experimental
procedure, per well, but with a reduced volume and concentration of DNA, 200 pl

reduced serummedia, 700 ng of DNA and 1 pl of TurboFect.

59



Transient Transfection using Polyethylenimine (PEI)

A stock of 1 yg/ml PElwas madeup®H and st ored at 4 °C
and-20° C long term. The transfection proto
but ingead used 3.5 pg/ul final concentration of PEI. A typical PEI transfection for
a 10 cm dish consisted of 15 pug of plasmid incubated in 1.8 ml reduced serum

media for 20 minutes with 3.5 pg/ul PEI.

SsiRNA Transfections with Lipofectamine RNAIMAX Reagent.

siRNA transfections were carried out in either 24 well or 6 well plates. Cells
were seeded to achieve 80 % confluence upon transfection (2 fof@ 24 well
plate and 1 x 1©0for a 6 well plate). RNAIMAX and the required SiRNA
concentration were dilutedn OpttMEM (Life Technologies) then homogenised
and incubated at room temperature for 5 minutes. The siRN complex was

then added to the cells in a dropwise manner.

Generation of RNAI FIpta93t Stable Cell Lines

FIpIn293 cells were split in DMEbbntain Tet freeFCS and no antibiotics
into a 6 cm dish with 1 x 2@f FlpIn293 cell suspension per dish and incubated
37 °C. 24 hours after splitting the cell
w/w, 3.6 pg of Flpin recombinase construct (pFGRolpA) and 2.4 ug of FRT

vector containing desired RNAI hairpin cassette.

24 hours post transfection the medium (DMEM contain Tet €S and
no antibiotics) is renewed. 48 hours post transfection cells are split into 2 x 10 cm
dishes in DMEM contaihet freeFCS and no antibiotics using 500 ul Trypsin. 6
hours after splitting into 10 cm dishes the media is changed to the selection
medium, DMEM containing Tet frdeCS and two antibiotics, Blastomycin (15
pg/ml final) and Hygromycin (0.1 mg/ml final)pah addition of the selection
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media cells are left for 48 hours to die. Dead cells are then removed by renewing
the selection media. Incubation for a further 5 days occurs before another
selection media renewal. Cell growth in colonies is then monitored at2 week
period. Upon colonies filling the 10x magnification of the light microscope

objective colonies are subsequently isolated.

Isolating single selected colonies occurs as follows, selection media is
removed and cells were washed with 6 ml ok PBS. 3 mm cloning disks were
soaked in Trypsin pre warmed to 37°C and
cloning disk was placed onto a single colony for 2 minutes. The disk was then
gently scraped off the plate picking up the colony. The soaked diske&d in the
selected cells was subsequently dipped into 500 pl of selection media present in a
well of a 24 well plate. Several colonies are picked, 24 well plate were incubated
until cells were confluent. When cell became confluent they were splitdni@lls

for induction and testing.

Induction of incorporated constructs occured via the addition of
Tetracycline at a final concentration of 1 pg/pl. Tetracycline was renewed every

48 hours. Efficiency of protein knock down was determined via a westetn bl

Luciferase Assay

This assay was employed to measure the levels of luciferase protein in the
cytoplasm in MS2ethered experiments. A 24 well plate was used for transfection
of the MS2 constructs and incubated for 48 hours. Cells were then wasiR&Sn
lysed in 80 pl of &orter Gene lysis buffer supplemented with protease inhibitors.
Cells lysates were transferred to pre cooled 1.5 ml tubes and cleared via

centrifugation at 13 200 r pm, 10 minutes,

Luciferase activity of the cleared extracts was then measured ubmg
Sirius Luminometer (Berthold Detection Systems). Typically Iyl of cleared

extract was added to a luminometer tube, mixed with 200 pl luciferase assay
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buffer, incubated for 10 seconds then the luminescence was measured. Each

condition was done itriplicate and averaged.

Chemiluminescent Bgalactosidase Assay

This assay allowed for determination of the transfection efficiency for the
MS2tethered constructs used in the luciferase assay. As noted above (Luciferase

Assay) cells were lysed in Rejgo Gene lysis buffer and cleared via centrifugation.

Dilution of the cleared lysate was carried out, taking 5 pl of cleared extract
and diluting 1 in 500 with Reporter Gene lysis buffer. From this dilution 10 pl of
cleared extract was mixed with 50 pidalactosidase Detection Kit (CloneTek)
reaction mix. The reaction mixture was incubated for 1 hour at room temperature
in a luminometer tube. alactosidase activity was subsequently measured using
the Sirius Luminometer (Berthold Detection Systems).irAgach condition was

carried out in triplicate and averaged.

MTT Assay

This was employed to measure cell growth in FIpIN RNA. cell lines. Yellow
MTT is reduced in the mitochondria of living cells to purple formazan. Cells were
initially plated and indued with Tetracycline in a 24 well plate. Upon day of
measurement cells were incubated for 3.5
The media is then removed and 750 pl of MTT solvent is added to each well. The
plate is then covered in tinfoil and aafied for 15 minutes shaking at 150 rpm.
Lysed cells are then transferred into 1 ml crevettes and spectrophotometrically

measured at 590 nm. All condition were done in triplicate and averaged.
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Fixing Cells

All cells were fixed in 24 well plates ontoveo slips. Media is removed
from each well and washed 3 times in 500 pl PBS. Next 150 pl of FIX solution is
gently pipetted onto each cover slip and incubated for 15 minutes at room
temperature. Fix solution is then removed and cells subsequently wastiete8

with 500 pI PBS.

Fluorescence ksite Hybridisation (F.I.S.H)

Cells were fixed as outlined above. After the final PBS wash cover slips are
transferred onto Whattman paper then covered with 150 pl of F.I.S.H
hybridisation buffer supplemented with tR\ ssDNA and €3; Cover slips were
then incubated for 2 hours at 37 °C.
into the 24 well plate and undergo 3 times 500 ul PBS wash. Once washed, cover
slips are mounted onto slides using Vectashield mounting omdiupplemented

with DAPI. If slides are to be stored they were sealed with nail varnish.

Immuno-staining

All immunastaining was carried out in 24 well plates containing cover slips.
Upon confluency, cover slips were incubated for 1 hour with 500 gld@Btaining
1% BSA. The primary antibody was then added onto the cover slips in PBS
containing 1% BSA and incubated for 1 hour. Post primary incubation the cover
slips were washed in 1 mL PBS containing 1% BSA, 3 times with a 5 minute
incubation per washSubsequently the secondary antibody was added to the over
slips at a dilution of 1/800 in PBS + 1% BSA, incubated for 30 minutes. Finally the
cover slips were washed a further 3 times (as previously conducted) then mounted
onto slides with 2 ul Vectashdi mounting medium containing DAPI. Slides are

then sealed and stored at 4°C.
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2.2.4 RNA Biology
Total RNA Extraction

Total RNA extraction from HEK293t cells was carried out using TRIzol
reagent (ThermoFisher). 1 ml of TRIzol reagent was added tgosti®BS wash.
Samples were homogenized via vigerous pipetting up and down. Samples were
then incubated for 5 minutes at room temperature, followed by the addition of
200 pl Chloroform and further homogenization. A further 15 minutes room
temperature incipation then takes place. Next centrifugation of samples at 12000
X g, 15 minutes and 4°C. The aqueous phas
in which the RNA was precipitated with 1 pL glycogen and 500 pL isopropyl alcohol
per 1000 pL TRIzol initiallged.

RNA samples were incubated for-18 minutes at room temperature then
centrifuged again 12000 xg for 5 minutes
washed with ice cold 75% Ethanol then <ce
minutes. The RNAigtlet was then air dried to remove excess Ethanol before

resuspension.

DNase | Treatment

All RNA extracted was subject to DNase treatment. RNA pellets were
resuspended in 42 pL2BkrNase Fre@nd 5 L 10x BufferTurbo DNase (NEB) via
soaking 20 minutesn ice and shaking 1100 rpm for 20 minutes. 2 pL (10U) Turbo
DNase and 1 pL of RNase Inhibitors (Bioline) were added to each sample then

treated for 1 hour at 37 °C.

64



RNA Phenol Chloroform Precipitation.

PhenolChloroform precipitation was conducteid remove DNase from
the samples. Each RNA sample was made to a final volume of 100 pL using
HoOrnaserree AcCidic phenol (pH 5.5) was mixed with each sample at a 1:1 ratio.
Homogenisation was done via shaking followed by 5 minute room temperature
incubatian. 90 pL of the agueous phase was then moved to a fresh tube with 1 pL
glycogen, 10 pL NaAc (3M pH 5.8) and 250 pL Ethanol.

PolyA+ RNA Purification from Total RNA

All buffers are initially brought to room temperature. Per condition, 200 pL
of magnetic tigo-dt Dynabeads are washed 3 times with 100 pL PolyA+ binding
buffer, beads remain in final wash. Then2® g of Total RNA was adjusted to a
total volume of 100 pL with #rnaseFree SUbSEqUENtly mixed with 100 pL PolyA+
binding buffer (1:1 ratio if Ttal RNA volume exceeds 100 pL). The Total RNA mix
was then denatured for 2 minutes at 65°C
The denatured RNA was then mixed with the Dynabeads and incubated for 5
minutes, room temperature rotating at 27 rpm. Postubation the beads were
washed twice with 200 uL PolyA+ wash buffer B. Elution was carried out using 20
pmL i ce cold PolyA+ elution buffer and h

PolyA+RNA was transferred to a fresh pre cooled RNase free tube.

m°®A -Dot Blot Assay

Purified PolyA+ RNA samples -&ID ng) were made up to 10 pL with
HOrnaseFree Samples were blotted onto Hybond membrane with an area of4 cm
per sample. Blotting was done in a drop wise fashion whilst under 200 mbar of

pressure, provided @ia vacuum pump. The membrane was allowed to dry before
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U.V crosslinkingwith70mJ/édn Next t he membrane was bl oc

in 5% nonfat dry milk in PBBveen (0.1%). Anrtm®A (Synaptic Systeniso. 202

003) was incubated for 1 hour, with the membrane at a dilution of 1 in 2000 in
PBSTween (0.1%). Subsequently the membrane washed 3 times for 15
minutes in 20 mL 0.1% PBST. The secondary antibodyRa@lolbit, 1 in 5000) was
incubated on the membrane in 5 % nonfat dry milk AB&en (0.1%) for 1 hour.

A further 3 times, 15 minutes in 20 mL 0.1% PBST washing before exposing the
membrane. The membrane was exposed using ECL solution as previously
described for the Western Blot technique. Equal loading of RNA was determined
via incubating the membrane for 30 minutes in 0.02% Methylene Blue and 0.3 M
Sodium Acetate. The stain was remed via 2 quick washes in®IRNA blots were

stained blue and the membrane returned white.

Formaldehyde RNA ImmunrBrecipitation

Formaldehyde crosslinking was carried out on a 6 cm dish (2 dishes per
condition). First the media was removed and cellsiveaswith 3 mL of PBS. Next,
incubated for 10 minutes in 3 ml of the fix solution (PFB&maldehyde (0.1%)) at
room temperature. The fixing reaction was sequestered with the addition of
Glycine (0.125 M final concentration per dish), dishes were rotate8 foinutes
at 10 rpm. The fixed cells underwent 3 ice cold PBS washes in 15 mL Falcon tubes,
cells were spun at 500 xg for 3 minutes after every wash. The resulting pellet was

stored at-80°C if not proceeding immediately.

Each sample required 100 pyL ®i0-G Dynabeads. The beads were
prepared by initial washing in 900 uL RIP lysis buffer before being blocke@4or 1
hours in 300 uL, 1% BSA, RIP lysis buffer and relevant antibddy(@). The
blocking of beads was done at 4°C rotating at 18 rpm. @faeked, beads were
washed 3 times in 900 pL RIP lysis buffer, before addition of lysate.

Fixed cell lysis and RNA shearing was achieved using sonication. The

Bioruptor machine (Diagenode) was greoled to 4°C. Each pellet was then lysed
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in 400 pL RIP ls buffer supplemented with protease inhibitors (Protease
inhibitor cocktail, Sigma Aldrich), RNase inhibitors (Ribosafe, Bioline) and
TurboDNAse (Ambion). The lysate was homogenised and transferred to pre cooled
Bioruptor 1.5 mL tubes. Sonication occumddhe high amplitude setting with 30
seconds on 30 seconds off, for 5 cycles. Sonicated samples were then transferred
to a fresh 1.5 mL tube and spun 16 100 xg for 10 minutes at 4°C to remove cellular

debris.

Immunoprecipitation was carried out with theleared lysate. 300 pL of
each sample was homogenised with the Dyna beads, 30 pL of lysate was kept as
an input (10%). The beads and lysate were incubated at 4°C for 2 hours whilst
rotating at 18 rpm. Post incubation the beads are washed twice in 900Ruly s
buffer. Then washed twice more in 900 pL hagtit RIP lysis buffer, each wash was
incubated on ice for 5 minutes. The beads then underwent 2 final wash steps in
900 pL RIP lysis buffer. Each wash step was carried out using a magnetic rack, once

washed beads were allowed to separate from the buffer for 2 minutes on the rack.

Elution from the beads was done via incubation with Protease K to digest
the antibody. The washed beads were suspended in 56 (kngberrec@nd 33 L
3x reverse crosslinkingutfer. The inputs were diluted with 26 ple®knaserre@nd
33 pL 3x reverse crosslinking buffer. Each elution and input was incubated for 1
hour at 42°C shaking 1100 rpm for 2 hours with 10 pL Proteinase K (Roche, 19
mg/mL). Proteinase K was subsequentindtured via incubation at 55°C for an
hour. Beads were then moved to the magnetic rack and eluate/input removed.
The resulting eluates and inputs were made up to 250 pL usi@gnkberrecand

subjected to TRIzol extraction (Detailed above).

The RNA is ftiner subject to DNase treatment before undergoing reverse
transcription. All RNA obtained from the immunoprecipitation and inputs was

used for cDNA synthesis. Finally the cDNA undergoes gPCR analysis.
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RNA extraction from 293T cells: Total or Nuclear/@matin/Cytoplasmic RNA

The starting material for each condition was two 10 cm dishes. All tubes
and buffers were kept on ice throughout the procedure. Cells were washed with
10 mL PBS then removed from the dish via Trypsinization -@0325nL
trypsin/EDTApre-warmed at 37°C) and inactivated with 4 mL of medium + 10 %
FCS, decanted into a 10 mL round bottom tube. The cells were pelleted at 500 xg,

3 minutes and washed 3 times in 10 mL PBS.

Cell lysis was carried out in 40000 pL N/C lysis buffer supplented with

0.5% TritorX, protease inhibitors (Protease inhibitor cocktail, Sigma Aldrich),
RNase inhibitors (Ribosafe, Bioline) and DTT. The N/C supplemented lysis buffer
was added to the 10 mL round bottom tube. Hand rotation/rocking was employed
to resusgend the pellet causing lyse. Once complete the lysate is transferred to a
cool 2 mL tube and centrifuged for 5 min at 500 x g, 4°C. The resulting supernatant
was the cytoplasmic fraction. The supernatant is removed then centrifuged again
1 min, 16100 x ¢# °C, to clear any contaminates, and finally TRIzol treated to
extract the cytoplasmic RNA. The pellet was the nuclei, it underwent a further 3
times wash in N/C lysis buffer. Each wash was followed by centrifugation 500 x g,
3 min, 4°C to pellet the nudlePost wash, the whole nuclei RNA extraction can be

carried out by homogenization of the nuclear pellet with TRIzol.

If undergoing nucleoplasm and chromatin extraction the nuclei pellet was
homogenised in 350 pL of NRB buffer via inversion. An equaheadfiNUN buffer
was added followed by incubation on ice for 5 minutes, with inversion mixing
every minute. Samples were centrifuged 1200 x g for 5 minutes at 4°C. The
resulting supernatant is the nucleoplasm, 250 uL was removed and subject to
TRIzol LS &action. The remaining supernatant was removed leaving the
chromatin pellet. The chromatin was homogenized with 1 mL Buffer A, centrifuged
1200 x g for 5 minutes at 4°C. The supernatant was discarded and the resulting

pellet subject to TRIzol extraction.
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Western Blots were carried out to ensure accurate extraction of each
phase. Histone 3 was used as a chromatin marker, Alyref or SSRP1 were used to
identify a clean nuclear/nucleoplasm fraction and Tubulin was used as a
cytoplasmic marker. Note that prido western blot analysis chromatin fractions
underwent a 30 minute Benzonase treatment to release the chromatin bound

proteins.

All RNA extracted underwent DNase treatment after TRIzol extraction.
Once DNaséreated, andcleaned via phenol extraction, tiRNA concentration
was measure spectrophotomicaly. Equal amounts of RNA for each condition was
used as a template in cDNA synthesis. The final step was analysis of transcripts via
gPCR.
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Chapter 3The Relationship between
mPA machinery and the TREX comple

The highly conserved Transcription Export (TREX) complex and
heterodimeric export receptor, Nxffh15, are responsible for the bulk of mMRNA
export within a mammalian cell. Throughout the literatudata has been
presentedsuggestinggomponents of theTREX complex interact with members of
the mPA methyltransferase compleMassspectrometrystudies have identified
export adaptor Alyref associating with Kiaal4@®asudaet al., 2005b) Wtap
associating with Uap56 and AlyréEmall and Pickering, 2009FPhenotypic
observations alluded to a possible mMRNA export defect upSA meduction
(Fustinet al, 2013)and increased mMRNA export upon reval of the eraser,
Alkbh5 (Zhenget al, 2013) However there areno definitive experiments
indicating a cooperative pattray involving TREX export and mRNA adenosine

methylation.

The transcriptome wide A& landscape has been shown to change upon
stress conditions, such as heat sh@kouet al, 2015) With this information we
set out to identify the epitranscriptomic response to an mRNA export block. To
achieve an mRNA export block we targeted major componeftthe (TREX)
complex and the export receptor Nxfl via RNAurther investigation of the
methyltransferase machinery and TREX produced interaction data indicating a

possible functional overlap between pathways.
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3.1 Perturbation of the TREX/Nxf1 patray results in greater total rPA.

The initial stages of this investigation set out to identify if the methylation
complex and/or rA respond to an mRNA export block. This was measured via an
RNA dot blot assay, probing with amPA. To ensure an effectivexport block
central components of the TREX/Nxf1 export pathway were subject to RNAI. Total
RNA was extracted from 48 hour induced Nxf1 RNAi and Thoc5/Alyref RNAI. A 48
hour induction of the RNAI provides an adequate protein knock down and ensures
the cels have not begun to undergo apoptogiiphakoneet al., 2012)(Figure
3.1a) Total RNA was then subject tm bead PolyA+ purification, lfowed by
blotting (100 ng per condition) and anti®A probing. Specificity of the anti®A
antibody was demonstrated by Meyer et al in 2012, it does not recognise non
methylated PolyA+ RNA or adenosine methylated matatternative position.
Loading of théPolyA+ RNA was controlled by 0.2% Methylene blue staining post
blot exposure. The result indicated that upon a harsh export block there is an
increase in rPA within the total MRNA populatiofFigure 3.b). However it must
be noted that with this simple g@eriment we cannot determine if there is an
increase in A per transcript or an increase in expression of transcripts that are

subject to methylation.
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3.2 Methylation writers and erasers respond to a TREX/Nxf1 knockdown.

The next stage of the stydwas to identify a possible mechanism
responsible for the increased® in the Thoc5/Alyref and Nxf1 RNAI conditions.
Therefore cleared lysate from Thoc5/Alyref and Nxfl RNAIi, post 48 hours
induction, and was subject to western blot analysis. This wdstect any change
in protein levels of either the methyltransferase complex (Wtap, Mettl3) or the
nuclear eraser Alkbh%Figure 3.2a). The resulting western blot indicated a
possible basis for the increase itAn Firstly, Wtap protein levels increasedtie
export block conditions. The anfiitap (Santa Cruz Biotechnologp)ot also
presents two separate bands, the ratio of these bands shifts within the export
block conditions with a strong upper band present in Thoc5/Alyref RNAiI compared
with Control RNA The pattern observed in the allYtap probe is indicative of
the addition/removal of a post translational modification. It is interesting to note
that the levels of Mettl3 do not increase along with Wtap in the export block
conditions. The second writenzyme Mettl14 was not probed as it has previously
been published that its expression mimics that of Me{f#3nget al, 2014) The
second observation from the western blot is the loss of the demethylase Alkbh5
in both export block RNAI conditiomhe reduction in Alkbh5 have previously been
shown to increase global levels ofA(Zhenget al,, 2013)

Along with the protein analysis total RNA was extracted from each
condition (Nxf1 and Thoc5/Alyref RNAI), and equal concentrations used as a cDNA
template. The resulting cDNA was subject to gPCR analysis to assess the mRNA
levels of the writers and the erasdfigure 3.2kindicates that theWtap, Mettl3
and Alkbh5SmRNA abundance in TREX/Nxf1 RNAI conditions does not significantly
change when compéaed to Control RNAI. The results of this experinsrggested

change in rPA protein machinery upon export perturbation
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3.3 Alkbh5and Wtap Transcriptlevels are reduced in the cytoplasm.

With the knowledge of Alkbh5 protein levels decreasing aumed to
determine if this was a targeted cellular response, or simply a nonspecific response
to the mRNA export block. Nuclear and cytoplasmic RNA fractions from
Thoc5/Alyref and Control RNAI were subject to cDNA synthesis and gPCR analysis.
Sufficient factionation of the nuclear and cytoplasmic RNA wassss via
western blot analysis and gPCRigure 3.3.1 Nuclear protein Ssrpl and
cytoplasmic protein Tubulin ifigure 3.3.1ashow a clean separation of each
fraction, further confirmation ispresentad in Figure 3.3.1bindicating no

detectable unspliced HnrnpA2B1 in the cytoplasmic fraction.

Figure 3.3.Zonfirms an export block in the Thoc5/Ad§ RNAI condition,
indicated bythe positive nuclear cytoplasmratio (3.3.2a). The nuclear levels of
Alkbh5 and Wtap do not significantly increase (3.3.2lthis may be due to
degradation of the mRNA when laakin the nucleus. As expected in a strong
export block condition the levels éilkbh5andWtap significantly decrease within
the cytoplasmic fractiongAlkbh5 pvalue 0.0018 and Wtap -palue 0.0173
presented in Figure 3.3.2cInterestingly a 76% reduction idlkbh5abundance
was observed compared with the 33% decreas&\ép. This indicated a short

half-life of the AlkbhS5mRNA
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3.4 Akbh5 has a shorter halfife that Wtap.

Previous observations identifying Alkblsgnsitivity uponThoC5/Alyref
RNAicould be one of the reasons for its decreased protein levels. Therefore we
set out to identify the haHife for Alkbh5 compared to thenethyltransferase
writer complex components. Cycloheximide was employed to inhibit translation
within cells during the hallife time coursecycloheximide was renewed in the
media after 8 hoursAlkbh5 has ahorterhalf-life compared to WtagFigure 3.4).
After 12 hours Alkbh5 levels within MEK293Tcell were reduced to ~ 50%. A
similar reduction was observed with Alyref. On the other hand Wiiagsented a

longerhalf-life whilst Mettl3 does not change up to 14 hours.

With the observed Alkbh5 halife and its mMRNAS sensitivity to an export
block we coulchypothesisethe increase in methylation upon a Thoc5/Alyref and
Nxf1RNAIis anindirect affect resulting from the loss of AlkblBur conclusion of
increased rPA resulting from reduced Alkbh5 is consist with the current
literature, knockdown of Alkbh5 significantly increasé®ntevels. (Zhenget al,,
2013)

3.5 TREMIxf1 RNAI does not affect the methyltransferase complex.

To identify any further response by the methyltransferase complex in an
export block condition a Wtaplag ceimmunoprecipitation (CdP) experiment
was conducted in Thoc5/Alyref and Nxfl RNAikigaound. Experimental
conditions were cdransfection of FlagVtap and induction of RNAI cell lines
followed by 48 hour incubation. All pulldowns were carried out in the presence of
DNase and RNase. Figure 3.5a depicts no change in the methyltransferase
complex formation in an export block background, compared with control.
Specificity of the pulldown was confirmed by an HnrnpAl probe producing no

binding.

Observing a small increase in Wtap levels upon Thoc5/Alyref and Nxf1 RNAI

(Figure 3.2)ead to thepossibility of an increased deposition of Wtap upon mRNA,
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alluding to further explanation for the increased methylation. To detect a global
increase in deposition of Wtap on the mRNA we employed an mRNP capturg assay
which detects proteins directly bourtd poly A+ RNA1 viva The mRNP capture
assay was controlled with nedV crosslinked captur@nda UV crosslinked RNase
supplemented condition. The RNAse condition illustrates the polyA+ specific
pulldown. The resulting mRNP capture blot indicated nange in Wtap
deposition onto the mRNA&Figure 3.5h)The input western blot also depicts a less
pronounced difference in Wtap protein levels between RNAI conditions; therefore
the observed pattern ifrigure 3.2nay be an experimental artefact. However the
Wtap western blot still produces a blurred band indicating a protein modification.
Another interesting observation is the increase deposition of Alyref and Uap56

within Nxf1 knockdown.
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3.6 nPA Writers and the TREX complazsocie.

Throughout the current epitranscriptomic literature are small links
between the methyltransferase machinery and the TREX con(blagudaet al.,
2005b; Small and Pickering, 2009; Fustial., 2013; Zhengt al., 2013) Therefore
we aimed to identify any interactions using-GbexperimentsAll pulldowns were
carried out in the presence of DNase d@RNase. Figure 3.6a {® of endogenous
Wtap and Kiaal429 from HEK293T lysate. The results confirm the TREX
components can exist in a complex with the regulatory elements of th& m
machinery. Thoc5, Uap56 and Alyref all @dilwith both Kiaal429 and Wtap,
however the Wtap IP has a greater fold enrichment. This confirms Alyref mass
spectroscopy studies identifying Kiaal429 as an interacting paithesudaet al.,
2005b) Export receptor Nxf1 was also observedirmmunoprecipitating (CoP)
with Wtap but not Kiaal429. The nuclear reader Ythdcl was also identified to
associate with Wtap but surprisingly not Kiaal42% TielP was controlled using
an antibody to detect HnrnpAl, a general mRNP binding proteinalisence in
the CQIPs for WTAP and KIAA1429 indicate the interactions with the TREX
complex are specific. . Mettl3 was included as a positive control and gave

increased enrichment compared with the input, indicating a strong association.

Further endogenous G experiments were conducted with the catalytic
heterodimer Mettl3/Mettl14, Figure 3.6b. Alyref, Uap56 and Thoc5 allFCwith
each member of the terodimer but were more enriched with Mettl14. Kiaal1429
only appeared to associate with Mettl14. Chtop pulldown with Mettl14 but not
Mettl3, however it was not enriched over input levels suggesting a very weak
association, this also indicated the spedyiadf the pulldown with other TREX
members. The strong sdliteraction of Mettl3/Mettl14 was observed and used

as a positive control.
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3.7 Kiaal429 acts as a scaffold for the methyltransferase complex and the TREX
complex.

To further dissectthe interaction between these two complexes we
treated HEK293T cells with Kiaal429 siRNA prior to an endogenous WIBp Co
The hypothesis behind this experiment was Kiaal429 may act as a bridge/scaffold
between the methyltransferase complex and TREX tdukiaal429s large size
(250 kDa) and previous binding data to Alyidasudaet al., 2005b) The results
aftera 72 hour Kiaal429 siRNA treatments and WtajpFCare presented in Figure
3.7. Knock down of Kiaal429 culminates in a reduced association of the TREX
complex and Mettl3 with Wtap. This reduction is less apparent with ThoC5
compared to Alyref, Uap56 and ©p. This result may explain the fotold
reduction in methylation observed upon Kiaal429 siRSkwartzt al., 2014)

3.8 Kiaal429 siRNA does not result in PolyA+ nuclear accumulation

Using our CdP results we hypothesised that knockdown ofadi&29 may
lead to an export block, as TREX has a reduced association with Wtap and may
hinder mMRNA maturation. Therefore fluorescence in situ hybridisation with
oligo(dT) to detect poly A+ RNA (FISH) was conducted in Control and Kiaal429
SsiRNA 72 hour treaad HELA cells. The results displayed in Figure 3.8 indicate no
accumulation of PolyA+ RNA within the nucleus upon Kiaal429 knockdown.
However, FISH detects global poly A+ RNA rather than methylated mRNAs and

therefore this may account for the lack of phawgpe.
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3.9 Chapter 3:Summary

Initial work indicated an 8A upregulation upon RNAI for Thoc5/Alyref and
Nxfl. However upon further investigation we conclude that this is aspetific
response caused by the short hife of Alkbh5 couplé with the sensitivity of
Alkbh5mRNA. Furthermore Wtap western blot indicated the possibility of post
translation modifications being present. Perturbing the export machinery does not
change the deposition of Wtap upon mRNA nor does it alter tH& mriter

complex formation.

This chapter identifies the association between the methyltransferase
machinery and the TREX complex. Core members of the TREX complex Uap56,
Thoc5 and Alyref pulldown with the regulatory elements of tf&mathway Wtap
and Kiaal429rad also the heterodimeric catalytic complex Mettl3/Mettl14. This
suggests TREX interacts with the complefé mriter complex. Further evidence
for the requirement of a complex $A writer complex required for TREX
interaction was demonstrated upon KiaaB4Rnockdown. Removal of Kiaal429
results in reduced A writer complex formation and TREX component association
with Wtap. This also indicated Kiaal429 is integral for the formation of the writer
complex. However, although Kiaal429 is required for comfdemation and
association with TREX its knockdown does not result in the accumulation of PolyA+
RNA within the nucleus. The interaction evidence presented in this chapter
solidifies the methyltransferase machinery as an interacting partner of the TREX

compex, the reason for this interaction is not yet clear.
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Chapter 4: The-€&rminus of Wtap is
phosphorylated.

The western blot pattern observed for Wtap in Chapter 3 indicated the
possibility of a post translation modification. This has not been regowithin
the literature, therefore we set out to investigate if Wtap is post translationally

modified, where it is modified and what function these modificaamay impart.

4.1. The @erminus of Wtap is phosphorylated

The observed Wtap western blat Figure 3.2a and Figure 3.%idicated
post translational modifications. We began the investigation withimrsilico
analysis of Wtaprimaryamino acid sequencé&jgure 41. The Bloomsbury Centre
for Bioinformatics prediction of secondary structuré&S(PRED) was employed and
results predicted an alpha helical richt&minus (positions £50) and a heavily
phosphorylated @erminus (position 250+)Figure 4.1aFurtherin silicoanalysis
revealed thepotentially highly phosphorylated @rminus is discdered (Figure
4.1b) and agreed with current literaturéndicating the N-terminusin protein
binding(Pinget al., 2014) However thein silicodisorder profile did not predict a

site of proteinprotein interaction within the C terminal region.

Figure 4.1c confirms thia silicoanalysis, Wtap is phosphorylated. Protein
extracts were collected form Control, Thoc5/Alyref axdl RNA.I. Lysis buffer was
either supplemented with Phosphatase inhibitors or Alkaline Phogded&P). All
lysates were incubated for 30 minutes at ®7.Furthermore Figurd.lcconfirms
the increase inWtap observed irfigure 3.2afor Nxf1 RNAi Howeyr the shifting
ratios of Wtap bands in Thoc5/Alyref and Nxfl RNAI in figure 3.2a were not

observed here, suggesting kinase activity in the lysate may have been the cause.
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4.2 Wtap-Flag is phosphorylated.

To study the impact of phosphorylation on &t with our FlagNtap
construct weverified its phosphorylation state and expression characteristics.
Therefore 100 to 800 ng of Flaltap was transfected intBlEK293t cell$ost cell
lysis he lysate was either supplemented with Phosphatase inhibitorseated
with AP in the manner mentioned aboveigure 42 demonstrates FlagVtap is
phosphorylated. Bclafl, a known heavily phosphorylated protein was used as a
Phosphatase control. Actin was probed as a loading control. With these results in
mind we contuded 400ng of Fla@vtap per 6cm dish will be used for subsequent

experiments.

4.3 Wtap phosphatase treatment results in a reduced binding affinity for

Mettl3/Mettl14 .

The inital question we sought to answefdoes the methylation state of
Wtap changethe composition of themethyltransferasecompleX?” This was
accomplished via ColP experiment using Flaw/tap. FlagWtap cell lysate was
either supplemented with Phosphatase inhibitors or subjectAti® treatment.
Phosphatase activity was confirmed usiBgafl, as depicted in the inputs. The
pull down indicatedAPtreated extracted had a reduced Mettl3/Mettl14 binding,
compared to the Phosphatase inhibited extrgctSigure 4.3 The immune
precipitationwas controlled using Fla@FPgconfirming there was o nonspecific
binding to the Flag tag or beads. Further controls were demonstrated with Bclafl
as it did not pull downwith FlagWtap, indicating specificity of the pulldown
There are a number of limitations to this experiment that do not allow us to
conclude that the phosphorylation of Wtap is responsible for reducing the
Mettl3/14 pulldown. As we have treated whole cell extracts wkR we have
therefore subject all proteins to this treatmenAs this is the case waannot be
certain of an altered phephostate of another methyltransferaseomplex

member inducindhe loss of IP.
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4.4 Constructionof Flag G I Lp/  Ydzi I y i o

With the experimentalimitations of Figure4.3 we aimedto bolster the
evidence for the phosphdependent construction of themethyltransferase
complex.Therefore a truncated form of Flaytap was constructed. Taking into
account the secondary structure predictions presenteéigure 4.1ave inserted
a stop codorat amino acidposition 250, resultingina Fldt a p AC Ffagt ant .
Wt apAC was expr ediss(Biguretida) antd &6 Zubjact téd\P
treatment upon cellysis (Figure 4.4bJ.ogether the results indicate FRfgt a p A C
is notidentifiablyphosphorylated. Howeveit is possible thaFlagWt a p AC coul d
still underg phosphorylation in the Xerminus but to a small extent that the shift

IS no longer detectable via western blot analysis.

45Flag? G LIp/ K I amethyltiddSBrdgeSniplex formation.
The ColP experiment conducted ifFigure 43 was repeated usip Flag
Wt a p Wehypothesisedho change in the methyltransferase complex pull down
would occur between the wild type (Phosp
the previously reported result indicating the-t€minus is not required for

Mettl3/14 binding(Pinget al,, 2014)

Equal amounts of wild type Fid§tap and Flagvt ap AC construct
transfected intoHEK293Tthe lysates were treated witlAPor supplemented with
Phosphatase inhibitors. The resulti@pIP experiment displayedn Figure %6
confirms the previousesult (Figure 4.3)interestingly the Flagvt a p AC mut an't
did not pulldown Mettl3/14 to the same extent abe wildtype with inhibitors.

The Mettl14 pulldown in the Delta C condition matches that of the Phosphatase
treated wild type. However the Mettl8ecreasan pulldown is not as dramatic in

the Delta C, when compared with the Phosphatase treated Wild t@seer
Figure 4.Bclafl was employed as a Phosphatase control and a negative pulldown
control. The results of this experiment indicate that thée@ninus of Wtap is

required forcomplete and optimalormation of the methyltransferase complex.
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4.6 The Flag ( I Llpcalisation pattern does not change.

Further characterisation of Flayt ap AC was conducted us
staining within HELA cells. This was to identify any abnormal localisation patterns
presented bythe mutant. Figure 4.6 depictenti-Flag immunestained HELA cells,
equal amounts of each construct was transfected, and cells incubated for 48
hours. There was no obvious localisation difference between the\Wlag and

FlagWwt ap A C.

4.7Flag? I Ldoés not bind RNA.

We next asked ithe FlagWwt ap AC st i | | bound to RNA,
methylated RNA. To answer this question we under took two RNA immune
precipitation experiments. Firstty a Flag RNA immune precipitaiiBiP)
experiment followed by an A& dot blot. This allowed fohe identification and
comparison of methylated RNA levddsund to our mutant compared with the
Wild Type Figurd.7a The experiment revealed a complete loss 6Arbinding in
theFlaght ap AC, the signal observed ®&fp the do
control precipitation. Whereas our FRgtap RNA immune precipitation

revealed an above backgroutelel of nfA.

Our previous results indicate Mettl3/Mettl14 association is reduced for
FlagwWt a p theCefore we may predict an impact on the amoufing®A present.
To confidently conclude that the Fft ap AC i s no | onger asso
PolyA+ RNA species mmRNP captureexperiment was undertaken. The result,
Figure 4.7bg¢onfirmed our previous finding Flayt a p &a boursl to the RNA,
whereasFlagWtap is stronglyRNA associated’he RNA binding proteidap56
was probed taconfirmsimilar levels of RNA pulldown in each conditibhe Flag

Wtap +UV and RNase condition indicated the pulldown was polyA+ dependent.
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4.8 Wtap has chaacteristics of an SR protein and can associate with Nxfl in a
hypophosphorylated state.

Members of the SR (serinarginine) protein family can act as export
adapters upon dephosphorylation aiding the mRNA handover to Nxf1 during the
export pathway(Hautbergue et al., 2012; Mer-McNicoll et al., 2016) Wtap
contains four SR doublets within itst&€minus, highlighted in Figure 4.8a. This
observation allowed us to hypothesise th&/tap may interact with Nxf1 under
different phosphestates. Figure 4.8b shows an endogenous Nxfl-I€o
experiment in AP treated extract; ndreated extracts were supplemented with
phosphatase inhibitors. Bclafl was employed as a negative IP conaal 420
was not present in the pulldown consistent with Figure 3.6a. The Wtap interaction
with Nxfl was greatly enriched upon AP treatment when compared to the
inhibited lysate. To build on this foundation the reverselEdWtap endogenous,
was conductedn the same background conditions, Figure 4.8c. Again the Nxfl
pulldown was greatly enriched within the AP treated lane, compared with
inhibitor. This time Kiaal429 pulled down in the AP treated condition, this could
be an indication of incomplete dephosptylation. To build on these results and
remove the possibility of another indirect interacting partner we conddet Flag
Wtap andFlagWt a p A-IB in@Eligh salt i AP treatment. The high Salt IP wash
removed interacting partners, specifically Nxfeéaving hypo/phospho Wtap
WT/ Add the beads. A fresh phosphatase inhibitor containing HEK293T lysate was
subsequently incubated with the purified Flag constructs. (Figure 4.8d). This Co
IP reveals consistent results with Figure 4.8c, Nxfl interactionrished when
Wtap is in the hypophosphorylated state. TReagWt ap AC has mi ni mal
pulling down with the AP treated sample; this may indicate phosphorylated N

terminal positions are also involved with Nxf1 interaction.
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4.9 Chapter 4Summary

The Gterminus of Wtap is heavily phosphorylated and disordered. The
phosphorylation state of Wtap appears to play a role in Mettl3/Mettl14
association. The-@rminus of Wtap is not required for localisation but is required
for mMRNA binding. Hosver with the evidence presented we caanconfirm Flag
Wt a pRN@ binding is directly hindered or it is simply a recruitment defect via

loss of annteracting partner such as R (Moindrot et al., 2015)

Four SR repeats were identified within theted@minus of Wtap. Upon
dephosphorylation we predict, with the available data, these SR repeats allow for
association of Wtap with nuclear exporeceptor Nxfl. Therefore we may
hypothesisebased on this evidence Wtap can act as an export adapter similar to
Srsf3 and Srsf7 splicing factgMuller et al.,2016) though further experiments

would be required to confirm this hypothesis.

107



Chapter 5: Perturbation of the writers
resultsin nuclear accumulation of A

target tran<ripts

Throughout the later experiments of Chapter 3 we discovered an
association between the methylation writer complex and the TREX complex.
However, our initial experiments aiming to identify a global export block were
unsuccessful. Due to the selaainature of the methylation mark , affecting ~30
% of the mRNA transcriptoméDominisini et al, 2012), our experimental
techniques may not have been sensitive enough to pick up a subset of transcripts
accumulating within the nucleus. Therefore, we aimed to approach the question

with greater sensitivity.

We conducted nuclear/cytoplasm fractionation assays in writer
knockdown backgrounds and observed the behaviour of selected methylated
transcripts. A transcriptome wide approach was taken to observe the global effect
of perturbation the mSA writers, indeed we saw nuclear accumulatiohmfA
targeted transcripts. Finally, we aimed to understand the mechanisms behind the
nuclear accumulation of these transcripts, it appears to be a lack of the TREX

complex deposition upon certain% transcripts upon knockdown of the writers.

5.1 Knocklown of the methyltransferase complex.

We began our investigation by knocking down each member of the
methyltransferase writer complex via siRNA treatment. Kiaal429, Mettl3, Wtap,
Mettl3/Kiaal429 and Wtap/Kiaal429 knockdown condition were incubatedZor 7
hours post 10 nM siRNA transfection, a second 10 nM siRNA transfection was

conducted 48 hours after the initial one. The resulting western blots are displayed
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in Figure 5.1& and d. Each condition was compared to a 10nM Control siRNA
transfection. Eaclvestern blot was also probed for Actin to ensure equal loading

compared to the control siRNA condition.

Further confirmation of each knockdown was conducted at the mRNA
level, Figure 5.1e depicts the resulting gPCR from total RNA extracted from siRNA
transfected cells. On average the reduction of mRNA for each condition was ~70%
compared to Control siRNA. Furthermore, we observed aftla increase in
Wtap transcript levels upon Kiaal429 siRNA, a similar protein response was

observed in Figure 3.7.
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5.2Knockdown of individual fA writers did not result in nuclear accumulation
of methylated transcripts.

With the identification of acceptable siRNA knockdown conditions for each
writer we moved forward with a more targeted experimental approaohdentify
any export block. Knockdown of single members Mettl3, Wtap and Kiaal429 was
conducted and nuclear/cytoplasmic RNA extracted. The resulting RNA was subject
to DNase treatment and equal concentrations used for cDNA synthesis. Prior to
gPCR analisof the fractioned cDNA we constructed a list of high confiderfée m
containing transcriptsTranscripts were selected by cross referencing Wtap iCLIP
(Pinget al, 2014) Ythdc1 PARLIRXuet al,, 2014)and nPA RIP saegencing(Keet
al., 2015, 2017; Lindeat al,, 2015) By comparing all three data sets we generated
a high confidence set of methylatdranscripts bound by both Wtap and Ythdc1l.
Taf7 wasidentified as a methylated intronless transcript, negating any splicing
defect we may have observed. Ptpnl2 and Diceront ai n | arger 3’
multiple methylation peaks, confirmed by previous w@dominissinet al, 2012)
and recent studiegKeet al,, 2017) illustrated in Figure 5.2a&Ve also identified
themPA peaks in Ptpnl1l2 and Dicerl |l ong 3°
and Nxfl iCLIP (unpublished), Figure 5\&k.constructed primers spanning the
observed methylation peak in Ptpnl2 and DicelPipfl2el3 and Dicerl e23
respectively), al so 5’ a Rton123%8, Ptpgn@2n : e X 0 n
el4el5, Dicerl e®4 and Dicerl e24e25), diagrammatically depicteth Figure
5.2a.The final transcripts Gstpl and Sympk did not appear in our filtered list,

therefore we were confident they are not methylated.

With each fractionation HnrnpA2B1 preRNA/MRNA distribution was
initially tested to confirm a clean fractioniah. Every set (n=3) from each
condition was subject to this test prior to further analysis, if no-pri@NA was
found in the cytoplasm we proceeded with our specific set of primers. Figure
5.3a,b and c are the distribution of our selected transcripts witMettl3,
Kiaal429 and Wtap siRNA compared to Control siRNA. gPCR was carried out using
primers designed foraf7, Dicerl e23, Ptpnl2 el3, Gsant Sympk
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No significant difference was observed with the nuclear/cytoplasmic ratiodr
suspected methylated transcripts, this was confirmed when analysing the nuclear
and cytoplasmic levels individually. The Kiaal429 nuclear/cytoplasmic result
(Figure 5.3b) confirms our negative FISHH assay (Figure 3.8), no detectable change

in the dstribution of transcripts.

5.3 Knockdown of Mettl3/Kiaal429 and Wtap/Kiaal429 culminates in an export
block for nPA target transcripts.

With the negative results presented above we aimed to improve our
chance of observing an export phenotype by knogkiown two components of
the methyltransferase complex at one time. The rationale behind this is due to the
reported decrease of A\ upon knock down of each writer was no greater than
70%, Mettl3 ~40%, Kiaal4d29 ~60% and Wtap ~(Bbwartzet a>, 2014) Our
previous experiments also indicate redundancy within tH&rmachinery; Wtap
protein and mRNA levels increase upon Kiaal429 knockdown and we considered
this compensatory activity might mask an NkRexport block. We hypothesised a
double knockdown of Mettl3/Kiaal429 and Wtap/Kiaal429 would dramatically
decrease the levels of A, resulting in an observable phenotype. Figure 5.1d
depicts the protein levels upon knockdown of the double 10 nM siRN@wing
a 72 hour incubation. We choose Kiaal429 as a knockdown partner on the basis
of Figure 3.7, as removing Kiaal429 results in a decrease of writer complex
formation, as well as TREX association with the writers. As with the knockdown of
individual menbers, a double hit 72 hours siRNA transfection was undertaken
prior to nuclear/cytoplasmic fractionation. Once the total RNA was extracted it
was subject to DNase treatments and subsequent cDNA synthesis. qPCR was
conducted on each sample (h=3) with HW2B1 prenRNA/mRNA as a control
to control for clean fractionation. The resulting gPCR displayed in figures 5.4a and
b of Taf7, Dicerl e23, Ptpnl2 el3, Gsfntl Sympkindicates transcripts with an
identified nPA modification are perturbed in export updvettl3/Kiaal429 and
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Wtap/Kiaal429 knockdown. In Mettl3/Kiaal429 siRN#/ and Ptpnl2 el3s
significantly increased when compared to Control siRNAQO.Q&455 and
p=0.00001respectively). Howevemicerl e23increased its ratio but was ho
significant (p=0.065. Wtap/Kiaal429 siRNA resulted in a significant increase in
nuclear/cytoplasmic ratio for all methylated transcripts testetai/ p=0.046
Dicerl e23=0.02Q Ptpnl12 e13%=0.039 whilst nonmethylated transcripts were

not significanly different compared with Control sSiRN&gtp1p=0.13and Sympk
p=0.19. The results presented in figure 5.4a and b suggests the methyltransferase

machinery may play a part in licensing selective transcripts for export.

To confirm the transcripts weralso blocked within a TREX knockdown
context a final nuclear/cytoplasmic experiment was conducted in a 72 hour
Thoc5/Alyref RNAI background (Figure 5.4c). Effective fractionation of the
Thoc5/Alyref RNAI can be seen in Figure 3.3.1. We observed ecaignificrease
in the nuclear/cytoplasmic ratio for all methylated and Rowethylated transcripts
(Taf7 p=0.047, Dicerl e23=0.019 Ptpnl2 elp=0.00123, Gstp1lp=0.009 and
Sympkp=0.015. Therefore, all transcripts selected require TREX for their nuclear

export.

Finally, we | ooked at tRipal2angDicert i ng
The primers used on the nuclear/cytoplasmic assay above would produce a
product on premRNA as well as spliced due to them targeting the middle of a long
exon Dicerle23, Ptpnl2 el3 We designed primers spanningetlexon:exon
boundary and subjectedthe nuclear fraction of Wtap/Kiaal429 and
Mettl3/Kiaal429 to gPCR. We observed the same increase in nuclear levels for the
exon: exon pri mers as wi ® husedt wwithin theo n g
nuclear/cytoplasmic assay. This suggests the transcripts may be spliced. However

this is not definitive proof the whole transcripts have completed splicing.
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5.4 Transcriptomic wide response to Wtap/Kiaal429 knockdown.

The nexphase of our investigation required a global approach. It is difficult
to construct conclusions from the limited number of methylated transcripts we
have screened in our assays above. Therefore, we conducted whole transcriptome
sequencing (MRNA seq) on @oh and Wtap/Kiaal429 siRNA nuclear and
cytoplasmic fractions. Libraries were constructed using Lexogen mRNA sequencing
kits from double hit 72 hour siRNA transfections. Bioinformatic analysis was
conducted by Mathew Parker and lan Sudbury, the graphewmng (Figure 5.5
5.7) were constructed by them from our data sets. Strip plots in Figure 5.5a
confirm a significant knockdown of Wtap/Kiaal429 in all of our samples compared
to control. For validation visualisation of nuclear/cytoplasmic distributigrDicer
1is presented in Figure 5.5b. All of oufAncontaining transcripts from previous
experiments followed a nuclear accumulation pattern upon Wtap/Kiaal429

knockdown.

The sequencing revealed nuclear accumulation of transcripts upon
Wtap/Kiaal429 kackdown. To assess what proportion of these transcripts had
previously been shown to contain®we compared them to recent% CLIP seq
(Linderet al,, 2015) The Venn diagram in Figure 5.6a depicts the resulting analysis
with 284 nuclear accumulated transcripts in tot@f the nuclear accumulated
transcripts, 73% were identified as containing théeAmmodification. Gene
ontology analysis (Panther Classification System) of the nuclear accumulated and
methylated transcripts revealed an enrichment for transcripts involvettiéncell
cycle (fold enrichment 6.47), DNA repair (fold enrichment 3.74) and mRNA
processing (fold enrichment 4.49), Figure 5.6b. We next looked at the number of
meA sites identified on the nuclear accumulated anBAncontaining transcripts.
Interestingly Figure 5.6¢ shows that transcripts that are nuclear accumulated have
a greater number of KA sites compared with the nemuclear accumulated but
methylated transcripts. The proportion of nuclear accumulated transcripts was
higher, compared to noaccumulaing but methylated, upon having greater than

7 mfA site per transcript. Methylated transcripts that are Rouclear
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accumulated contained a lower density ofAnsites, for example 37% of nuclear
accumulated transcript contain between-2lmfA sites whereas noenuclear
accumulated contain 46%. Our analysis also revealed nuclear accumulated and
methylated transcripts contain longer exons when compared to-nocdear
accumulated genes, Figure 5.6d. A high proportion &A roontaining nuclear
accumulated transcripts contain an exon longer than 3500 base pairs.
Furthermore, the final exon in the nuclear accumulated and methylated
transcriptswas on averagef a greater length than noenuclear accumulated

transcripts, Figure 5.6e.

DaPars@ynamtic analysis of alternative Polgi@nylation from RNAeq)
analysis was conducted to identify any alternative polyadenylation occurring upon
Wtap/Kiaal429 knockdown. It allowed us to identify a switch between distal or
proximal usage in both our nuclearawytoplasmic fractions. Figure 5.7a depicts
the results in a Venn diagram. Indeed, we did observe PolyA site switching for 294
transcripts, 223 in the nucleus and 71 in the cytoplasm, compared to control.
However the transcripts that had undergone thely switch were different to
our nuclear accumulated transcripts (Figure 5.7a), yet 58% of the transcripts
experiencing a switch in PolyA site usage containél (Rigure 5.7b). Therefore
we have observed two phenotypes ofAncontaining transcripts upomkckdown
of Wtap/Kiaal429, nuclear accumulation and alternative polyadenylation. These

phenotypes occur on two separate subsets of mMRNA.
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5.5 TREXIeposition is altered on PA targeted transcripts upon knockdown of
the methylation writer madiinery.

To establish the basis for the nuclear retention of transcripts targeted for
mCA, we conducted Alyref RNA immune precipitation (RIP) experiments in both
Mettl3/Kiaal429 and Witap/Kiaal429 knockdown conditions. siRNA was
transfected every 48 hour foa 72 hour knockdown period. Figure 5.8a is the
resulting gPCR analysis from Mettl3/Kiaal429 and Wtap/Kiaal429 knockdown
Alyref RIP, normalised to input and Control siRNA. Interestingly the knockdown
conditions did not result in similar phenotypes. A digant increase of Alyref was
observed compared to control in Mettl3/Kiaal429 on all methylated transcripts
(Taf7 p=0.018,Dicerl e23p=0.0073,Dicerl e24 p=0.1,Ptpnl2 e13p=0.013,
Ptpnl2 e5e8p=0.021 and>stp1p=0.76). Not only did we see an increasdlyref
at o WAsiteSoDicerlandPtpni2but al so at the 5’ end of
Figure 5.2a for a primer map). This suggests knockdown of Mettl3/Kiaal429 could
increase the deposition of Alyref all along a transcript. Upon Mettl3/Kiaal429

knockdown Wtap levels increase (Figure 5.8b).

Upon knockdown of Wtap/Kiaal42Bigure 5.8andicates a significant loss
of Alyref on all methylated transcript$4f7p=0.0026Dicerl e23%=0.0023Dicerl
e3-e4 p=0.0023,Ptpn12 e13p=0.000001,Ptpnl2 e5%8 p=0.00015 andGstpl
p=0.24) . As with Mettl 3/ Kiaald29 the phe
Dicerl and Ptpnl2 not just at the identif
of Alyref upon Wtap/Kiaal429 indicates Wtap is required for the recreniof

TREX to certain methylated transcripts.

To build on the observation of Alyref loss upon Wtap/Kiaal429 knockdown
we conducted a Uap56 RIP, since Uap56 is the key RNA helicase which drives TREX
assembly on mRNA. This was to identify if it was adbgdyref or a loss of TREX
deposition. The bar chart presented in Figure 5.8c depicts the resulting gPCR,
normalised to input and Control RNAi. We observed a significant decrease of
Uap56 upon all methylated transcripts. Again we noted the loss of UapSéot
just at the predi ctPpd2aBdDicemibubybhbhsbonat st h
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terminus. The Uap56 and Alyref RIPs in Wtap/Kiaal429 indicate the reason for
nuclear accumulation of the methylated transcripts is the inability to depidREX

upon the mRNA.
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5.9 Chaptei5: Summary

We did not observe any export phenotype upon the knockdown of
individual methyltransferase complex members. This may be due to the
redundancy with the A writer pathway. However, upon knockdown of two eor
members of the methyltransferase complex we observed an export defect for a
subset of A containing transcripts. In both Wtap/Kiaal429 and Mettl3/Kiaal429
knockdown our selected transcripts showed an increase nuclear/cytoplasmic
ratio. The double knoclalvns indicated the deposition of m6A or the presence of
a complete methyltransferase Writer complex is required for efficient nuclear

export of some transcripts.

RNA sequencing of the nuclear and cytoplasmic fractions from Control and
Wtap/Kiaal429 siRNAevealed transcripts that are nuclear accumulated and of
these 73% had been identified to contain aSArsite. The nuclear accumulated
transcripts appear to be involved in the cell cycle, RNA metabolism and DNA
repair. Further analysis revealed that tear accumulated transcripts tend to
have an increased number of m6A sites compared tomaciear accumulated. It
was also revealed that the nuclear accumulated transcripts contained longer
exons, with a greater final exon compared with Aauclear accumlated. This
suggests transcripts with larger exons require Wtap/Kiaal429 for optimal export.
We also identified a subset of transcripts that were alternatively polyadenylated
upon knockdown of Wtap/Kiaal429, with 60% of these transcripts also containing
at least one rPA site. Interestingly the transcripts undergoing alternative
polyadenylation did not overlap with the nuclear accumulated and methylated

transcripts.

Finally we identified that upon Wtap/Kiaal429 knockdown our methylated
transcripts lostAlyref and Uap56 deposition. This would result in an export block.
However, we also identified that upon Mettl3/Kiaal429 knockdown an increase
of Alyref deposition upon methylated transcripts. We can speculate on the
reasoning for increased Alyref, fingtit may simply be due to the increase in Wtap

upon Mettl3/Kiaald29 knockdown. This is because we identified loss of Alyref
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upon knockdown of Wtap/Kiaal429. Secondly it may be due to the loss of Mettl3s

enzymatic activity to continue the mRNA maturaticiogess.

This chapter demonstrates a close relationship between tRA mriters
and the TREX complex. It builds on out biochemical data from Chapter 3. We can
now see Wtap is required for TREX recruitment and knockdown of Wtap/Kiaal429
results in nuclearaccumulation of methylated transcripts with a long exon,
specifically a larger’3ong exon. It is currently excepted TREX deposition is
depencent on splicing/EJC deposition and capping of an mibesudaet al,,
2005; Andersert al., 2013) Howevetthe long exons oPtpnl2andDicercontain
TREX at distal position from the EJC. We noted these TREX binding sites align with
the mPA peaks. Following the data presented above we nhgpothesise
mOA/writer machinery could act as an EJC surrogate facilgatie deposition of
TREX within long exons. This may also apply to intronless transcripts that do not

undergo splicing, such aaf7.
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Chapter 6 Ythdclassociates witifREX

Ythdcl is a nuclear reader offnthat preferentially binds t&GnfA motif
viatwo tryptophan residues within an aromatic cage. It binds primarily to the CDS
of its target mMRNA&Xuet al,, 2014) Ythdcl is currently defined exon inclusion
mechanisms employing a cooperative mRNA binding relationship with Srsf3 and a
competitive mMRNA binding relationship with Srsf®daoet al., 2016) Further
evidence of the dynamic relationship taeen nfA readers was presented in
Ythdcl PAKCLIP indicating a 20% overlap in target transcripts with the
cytoplasmic Ythdf2 (Xu et al, 2014) Due to our previous finding of TREX
associating with the methyltransferase complex, we set out to investigate a
possible relationship between the nuclear reader and the export machinery. In this
chapter we explore the association of Ythdcl and TREX/Nxé&l.gsthered

evidence linking Ythdcl the writers and the export machinery.

6.1 Cellular location of Ythdcl compared to TREX and the methyltransferase
complex.

To begin our investigation into Ythdcl and its possible export role we
aimedto characterise th@rotein in greater detail. Therefore we set out to identify
where Ythdcl resides. It must be noted previous work pin pointed Ythdcl
localisation to specialised structures named YT bodies. These structures reside

within close proximity to nuclear speckl@Rafalskat al,, 2004)

Protein fractionation wasconducted on HEK293Tcells then subject to
western blot analysis, presented in Figure &he majority ofYthdcl is located
within the chromatin fractiorand trace amount in tb nucleoplasminterestingly
the methyltransferase complex does not follow the same pattiaal429 and
Wtap are predominantly located in the nucleoplasm with trace amounts also in

the chromatin. Mettl3 howeveris present in all three fractions, witrsitighest

140



Nucleoplasm

Cytoplasm
Chromatin

WB: Ythdc1

= w===| WB: Thoc5

— — \NB: Nxf1

=== wB: Alyref

WB: Chtop

= 7 | WB:Kiaal429

WB: Wtap

WB: Mettl3

— WB: Ssrp1

WB: Tubluin

: Histone 3

CAIdzNBE cdm CNIOGA2Yy I GA2y 2F LINERI

OKNR YWédtyern Dbl ot indicating the
met hyl acthiionne rnya me mber . Separation
(nucl eoplasm), Tubulin (cytopl asi

141



concentration in the cytoplasm. The TREX complex was situated in the chromatin
and nucleoplasm, with a bias towards the chromatconsistent with ce
transcriptional recruitment The lower panels of the western blot suggest a clean
separaton of each fraction, indicated by the positioning of Ssrpl (nucleoplasm),

Tubulin (cytoplasm) and Histone 3 (chromatin).

6.2 Ythdcl associates with TREX and Nxf1.

As with the nSA writes we set out to identify any interaction between
Ythdcl and TREXing CelP experiments. However our initial attempts to-Fo
endogenous Ythdcl were not successful (Figure 6.2a). The Ythdc1 antibody did not
enrich Ythdcl over input; the pulldown of Ythdcl washe same extent as anti
Alyref CGAP Figure 6.2a. Therefrto further study Ythdcl interactions we
constructed a Flaiythdcl (p3xFlagMYC, Sigmaldrich) expression vector. Figure
6.2b depicts the result of a Flatthdcl and FlaGFPHEK293T overexpression
followed by a Flag IP. All core TREX complex compofidapb6, ThoC5, Chtop
and Alyref) pulldown with Flagthdcl but not FlagsFP HnrnpAl western blot
was included to indicate the IP was specific. All conditions were supplemented

with RNase and DNase.

To confirm our Flaythdcl results we conducted thewerse endogenous
QO-IP using Alyref and Chtop, Figure 6.2c. The western blot in Figure 6.2c shows
Ythdclassociatesvith both Alyref and Chtop. Uap56 was employed as a positive
control and wagpresent in both Alyref and Chtop @R HnrnpA1l probe indicate
the pulldown was specific. A further endogenous pulldown of Nxfl (Figure 6.2d)
indicates Ythdcl is associated. This-lPQvas controlled with Uap56 (not bound
to Nxf1 in current mRNA export mod@iphakone, Guillaume M Hautbergus,

al., 2012), indicating a specific pulldown.

The final CAOP experiment conducted indicated a possibility fortoally
exclusive binding of Alyref and Chtop upon Ythdcl (Figure 6.2e). Equal amounts of
FlagYthdcl was transfected into Control, Thoc5, Chtop and Alyref stable inducible
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RNA. cell lines. The aim was to identify any singular intena¢tiat maybe vital

for Ythdcl:TREX association. FYdhdcl associates withThoc5 to the same
degree in Alyref and Chtop RNAiI when compared with Control RNAI, suggesting an
Alyref/Chtop independent interaction. An increase of Alyref binding upon Chtop
RNA was observed, a similar increase was observed for Chtop upon Alyref RNAI.
The input levels of Alyref do not change in Chtop RNAI suggesting the enrichment
of IP is indeed due to the removal of Chtop. However Chtop levels did increase
upon Alyref RNAI, tilough this increase was modest, th©@ will potentially
magnify small changes present in the input. The increase of Chtop upon Alyref
RNAIi was previously shown lghanget al., 2013 We can therefore not
confidently conclude increased Chtopnbing is a result of removal of Alyref.
Control RNAI transfected with FI&fP was included as a negative control. Finally
the IP efficiency of Flagthdcl was consistent throughout all RNAI conditions.
Together these results show an association betwedmd®X and TREX/Nxf1 and

Alyref/Chtop may bind a mutually exclusive site on Ythdcl.

6.3 YthdcEMS2 tethering assay.

With the identification of a TREX/Ythdc1l interaction we sort to identify any
functional export properties Ythdc1l may harbour. We employed/is2tethered
export assay(Hautbergueet al., 2009) The assay system is diagrammatically
illustrated in Figure 6.3a. A luciferase coding sequence andRMNR operair
sites are flanked by an inefficiently spliced intron derived from thee HENV
region. This unspliced pmaRNA fusion is retained in the nucleus under normal
conditions. If spliced the luciferase CDS is removed and therefore not exported
into the cytgplasm. The MS2 coat protein binds to the operators. Therefore if an
MS2 coat protein export factor fusion is created and over expressewaoved
anticipate export and expression of the luciferase construct. The cytoplasmic
luciferase activity was measureda a luminometer. Figure 6.3b indicates the
system is functional as we measure greater luciferase activity withinAB2af
(8-fold) and
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MS2Nxf1 (46fold) when compared to MS&FP upon equal transfections and a
48 hour incubation in HEK293T. M@#dcl did not yield an increase in luciferase
activity compared to control MS&FP and Flagthdcl. Figure 6.3c is a western

blot of the constructs used in the assay.

6.4 Interplay between rBA writers, TREXNnd Ythdc1.

The next stage of our study was dissect the interactions between %k
writers, TREX and YthdcResults presented in Figure 3.@i&splayedYthdcl
association with Wtap but not with other writers such as Kiaal42 literature
does not currently mention any interaction between the \erg and readers,
therefore we set out to investigate this relationship. Confirmation of the IP is
presented m Figure 6.4a, an endogenous -GOof all A writers. The results
match that of the previousGIP, Wtap is the only writer to enrich Ythdcl1. M8tt
appears to show a very weak IP, this suggests it maybe a distant part of the
complex with no direct interaction with Ythdcl. Interestingly Figure 6.4a does not
show an association between Kiaal429 and Mettl3/Mettl4. HnrnpAl indicated
the IP was specifior Kiaal429 and Wtap but did pulldown with Mettl3/Mett14,

however the lack of Kiaal429 in these conditions indicates specificity.

Moving forward we aimed to dissect the interaction between Ythdcl, TREX
and Wtap aiming to build upon the observed compatiosy mechanism from
Figure 6.2d. Therefore using the siRNAs and conditions presented in Chapter 5 (72
hour incubation with a second transfections of 10 nM siRNA ahal@s) we
conducted an Alyref GO in a number of knockdown backgrounds, Control,
Mettl3, Wtap and Kiaal429 siRNA. The resulting western blot in Figure 6.4b
indicates greater Ythdcl association with Alyref upon Mettl3 and Wtap
knockdown but not with a Kiaal429 knockdown. Interestingly the two conditions
to give a phenotpe, Mettl3 and Wtapare the CAP partners of Ythdcl. The IP of
Alyref is consistent throughout the conditions as is the pulldown of Uap56, ruling

out a difference in IP efficacies as a contributor to the Ythdcl variance. Also of
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note the input levels of Ythdcl ream constant throughout each knockdown

condition.

The results of Figure 6.4b opened up the question of how Ythdcl is
associating with the mRNA. As we observed removal of the Writers Mettl3/Wtap
leads to increased Alyref and Ythdcl association, indigatin possible
Ythdcl/TREX pre methylation association. Therefore with the data of TREX
association we conducted an mRNP capture in an Alyref/Chtop and Nxfl RNAI
background, induced for 48 hours. The decision for Alyref/Chtop RNAIi was based
upon Figure 6.2das removing one allows greater binding of the other, therefore
removing both will reduce any redundant functions. The choice of Nxf1 RNAi was
to decipher if Ythdcl association with the mRNA is at a late stage in the export
pathway. Surprisingly Figure 6.énhdicates reduced Ythdcl PolyA+ association in
an Alyref/Chtop RNAI background but not Nxf1 RNAi. The Uap56 probe indicates
a comparable level of PolyA+ pulldown in each condition. This result was not
present in a single Alyref (48 hour induction) RNRNP capture, Figure 6.2d. It
appears Ythdcl deposition on the mMRNA maybe dependent on multiple members
of the TREX complex. To add merit to the global result indicated via the mRNP
capture we conducted an Ythdcl RIP in the Alyref/Chtop RNAI backgroumgd usi
the identical conditions as the mRNP capture. Figure 6.2e graphically displays the
results of the Ythdcl RIP. Each transcript from both conditions was normalised to
input followed by normalisation to the null IP and finally compared to the Control
RNAIRIP. All methylated transcripts showed a significant decreabaid | value
=0.002,Dicerlp= 0.01 andPtpnl12p= 0.019) invthdcldeposition. Targets from
Chapter 5 were employed as we have previously demonstrated their involvement
in the nPA pathway withwtap and Kiaal429 data. This result adds value to the
MRNP capture presented in figure 6.4d.
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6.5 Construction of a TENducible Ythdcl RNAIEKFIpin cell line.

To further characterise the role for Ythdcl in mRNA export, we constructed
a stable induciblérthdcl RNAI cell lindhecell line was constructed using two
targeting hairpinsand the BLOCK Pol Il mir expression vector system
(Invitrogen) Initial validation of the hairpmwas carried out using transiently
transfected vectorsand the previously constructedrlagYthdclconstruct (data
not shown),allowing for selection of the most potent hairpin combination. The
selected hairpin was sub cloned into the FRT integration vector and subsequently
transfected allowing integration. Ehcolony displaying the greatest knockdown
was selected and expandedalidation of the resulting stable cell line can be seen
in Figure 6.5a At 72 hours post induction the protein levels of Ythdcl have

reduced to roughly 50% of the Control RNAI.

An ealy observation when testing extended time points indicated Ythdcl
RNAI can reduce cell growth. An MTT assay was carried out measuring viable cell
growth over a period of 120 hours (Figure 6.5b). An MTT assay is a colour metric
assay measuring the activitgf mitochondrial oxidoreductase enzymeas a
marker for cell viability. Post 72 hour induction Ythdc1 RNAI cells begin to reduce
in viability. At 96 hours ~40% reductions has occurred when compared to control,

at 120 hours ~80% of Ythdc1l RNAI cells arlonger viable.
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6.6 Ythdc1l RNAdoes not disrupt TREX on a global level.

To identify a cause for the cell death occurring upon prolonged Ythdcl
RNAI we conducted a number of experiments based on previous results linking
Ythdcl and TREX. We postulatgubn the observed strong and dynamic interplay
with TREX, Ythdcl RNAI may result in a block of export. We initially attempted a
global approach but would have to become more targeted in later studies. FISH
was the first experiment conducted with the Ythtl&®RNAI cell lin€The reasoning
for this was to identify a global mMRNA export block. Figu6apresents Ythdcl
RNAI compared with Nxf1 RNAIi having undergone a 72 hour induction prior to
fixing. The nucleu¢DNA) is DAP1 stainedlb) and Cye3 probe bodnto the
PolyAr tail of mRNA (red). AsublishedNxfl1 RNAI produced a PolyAuclear
accumulationViphakoneet al,, 2012) Ythdc1l RNAI gave no nuclear accumulation

of PolyA+ RNA when compared to Control RNAI.

The second phase of our TREX/Ythdcl study looked upon the formation of
the TREX complex within Ythdc1 RNAI. The rationale behind thisreepécame
from the previously observed dynamics in YthdclE¢Figure 6.2d and 6.4b). An
Alyref CelP in Ythdcl RNAI was undertaken in the presence of RNase/DNase.
Figure 6.6b is the resulting western blot and depicts no change in Alyref IP with
other THEX members. Interestingly it also indicated there is no change in Alyref
and Wtap association within Ythdc1l RNAI. This implies the association of TREX and

the methylation writers is independent of Ythdc1.

The final attempt at assessing a disruption witthe TREX complex was an
MRNP capture in a Ythdcl RNAIi background. The results presented in Figure 6.6¢
indicate there is no change in Alyref of Nxf1 deposition upon the mRNA detectable
with an mRNP capture at 72 hours of Ythdcl RNAI. Again the captsreon&ol
for background bead bindingy.V) and PolyA+ dependent pulldown (+U.V and
RNase). The culmination of these experiments indicated Ythdcl does not change

export machinery/characteristic at the global cellular level.
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6.7 Ythdc1l RNAiesults in an export block for a subset of transcripts.

The null results presented above indicate Ythdcl does not illicit a global
MRNA export block. Therefore we became more targeted whilst reflecting on our
previous work involving the PA writers (Chapte 5). We selected the same
methylated transcriptsTaf7, Dicerlo @ndt { LJy mvith oaronmethylated
transcriptMclr. The methylated transcripts also appear to be bound by Ythdcl in
recent PARCLIP studieéXuet al, 2014) Taf7is an intronless transcript whilst
DicerlandPtpn2b ot h cont ai n | ong ®8BsitesPommissmi wi t h
et al, 2012) The primers employed were the same as previous work (Chapter 5)
spanning the I ong 3’ met hyl ated exon. Th
export block of these transcriptgpon 72 hour Ythdcl RNAI. The export of these
transcripts was measured via nuclear/cytoplasmic RNA extraction. The resulting
RNA was subject to cDNA synthesis and gPCR analysis. Figure 6.7a depicts the
controls from the nuclear/cytoplasmic fractionationigkre 6.7a western blot
indicated no leakage of proteins between fractions; a good indicator of a clean
preparation, Ssrpl is only present in the nucleus and tubulin only present in the
cytoplasm. Further confirmation of the fractionation is presenteduf&d.7b) by
measuring the levels gire mMRNAHNrnpA2B1 in each fraction per condition. As
graphically depicted no HnrnpA2B1 preRNA is present in the cytoplasm of each

condition, all experiments were conducted in biological triplicate.

Taf7, DicerhndPtpnl2result in a positive nuclear/cytoplasmic ratio upon
Ythdcl RNAI when normalised to Control RNAI indicating an mRNA export block
(Figure 6.8a). However onlaf7 (p=0.00033) andPtpnl123 ’ (p=0.00082) g
significant increase over control, ndDieerl o (§p=0.166). Mc1r, our non
methylated transcript, did not significantly change compared to Control RNAi. The
nuclear levels of each transcript depicted in Figure 6.8b show an accumulation of
Ptpnl12o But not Taf7or Dicer This could be due to nucleRNA degradation. The

cytoplasmic levels of all methylated transcripts are reduced, Figure 6.8c. In both
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the nuclear and cytoplasmic fractidaclrdoes not differ greatly when normalised
to Control RNAI.

As with the writer nuclear/cytoplasmic (Mettl3/Kiaal429 and
Wtap/Kiaald29) experiments we assessed the nuclear fraction to identify if the
accumulated mRNA had undergone splicing. Figure 6.8d depicts gPCR of Ythdcl
RNAI nuclear fractions normalised to Control RNAI nuclear fractions. Thergrim
were designed to cover the exon:exon boundary adjacent to the methylation site
(Dicer e24e25 and Ptpnl2 el4e15) therefore only giving a product if the
transcripts has been spliced. Indeed the accumulated transcripts in Ythdcl RNAI
are spliced. Thisocresponds with the observed increase in nuclear transcripts

| evel s when employing primers spanning t|

6.8 Increased deposition of Alyref upon target mMRNAs within Ythdc1l RNAI.

The results presented above match that of thweiter complex double
knockdowns (Kiaal429/Wtap and Kiaal429/Mettl3 siRNA). Therefore our next
step was to assess the levels of TREX upon these specific transcripts, as we have
previously conducted in Chapter 5. An Alyref RIP was performed in a Control and
Ythdcl RNAI background. Control/Ythdcl RNAIi was induced for 72 hours to ensure
conditions were comparable to the nuclear cytoplasmic experiments. The
resulting RNA was subject to DNase treatment and subsequent cDNA synthesis.
Figure 6.9 graphically repsents the gPCR analysis conducted on the cDNA.
Primers from previous experiments (Chapter 5) were employed. Each RIP was
normalised to input and to the Null IP and displayed relative to Control RNAi. We
observed a significant increase of Alyref on aflAncontaining targets,Taf7
(p=0.014)Dicerl ® -&E=0.0072) an® e23(p=0.0055) and & LIy ®@5€8 p Q
(p=0.00027) and® €13 (p=0.00034). There was no significant change in Alyref
deposition for our nommethylated transcriptMcl1r (p=0.072). Again we saw
deposition increase all along the transcriptRtipn12and Dicefd not just at the

reported 3’ site of methylation. These fi
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Alyref RIP in Ythdc1 RNAI
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SiRNA treated cells but not Wtap/Kiaal429. This suggest the observed export

block is ot a result of reduced TREX deposition.

6.9 Ythdcl shares homology with cleavage and polyadenylation factors.
Nuclear/cytoplasmic fractionation of Ythdc1l RNAI revealed transcripts are
down in the nucleus and cytoplasm compared with control RIN&fi7 awl Dicerl)
However we identified no loss of Alyref upon the transcripts within the nucleus.
Results presented above allow us hypothesise Ythdcl RNAi affects Nxfl
association with TREX resulting the export blockof certain nfA containing
transcriptsWi t h t he evidence of Yt (Xidoetlas, 3’
2016)we looked into the possibility of aglyadenylation/cleavage defect. Analysis
of Ythdcl in the STRING association dataebaevealed homologyo the
Arabidopsis homologue Cpsf30 (Figure 6.10). Interestingly Cpsf30 is a known
cleavage and polyadenylation factoontaining a YTH domafRray and Simpson,
2015). The STRING database revealed Ythdcl may associate with other cleavage
and polyadenylaon machinery (Cpsf2, Cpsfl and Pcfl1) depicted in Figure 6.11.
However we currently have no experimental evidence linking Ythdcl with
polyadenylation with mammalian cellg/ith this observation we can speculate a
further cause of the export defect in ¥tbl RNAI, this maybaefective cleavage

and polyadenylation of certain fil\ containing transcripts.
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6.10 Chapter 6:Summary

Ythdcl appea to be localised in the chromatin whereas the
methyltransferase complex resides predominantly in the nucleoplasm. This
suggests Ythdcl may carry out other functions prior to methylation. Interestingly
Ythdcl and the TREX complex shoaeatimilarfractionation pattern. Further data
suggested an association between the TREX complex/Nxfl and Ythdcl.
Furthermore there appeardo be a compensatory mechanism in place for
Alyref/Chtop bindingrthdcl removal of one induced increased association of the
other to Ythdcl. This may indicate a possible redundancy mechanism in the
observedcross talk betweemathways. Removal of Alyre€htop, but no Alyref,
results in a decrease deposition of Ythdcl upon methylated transcripts, indicating
a TREX depeedt recruitment of Ythdcl to the mRNA.  Although Ythdcl
associates with the TREX complex and Nxfl it does not act as a classical export

componentin our MS2tethering assay.

Wtap and Mettl3 of the methyltransferase complex interact with Ythdcl
but Kiaal429 does not. Wtap being associated to a greater degree when compared
with Mettl3, suggesting a distal relationship between Mettl3 antd¢tl. This is
the first evidence linking the PA writers and reader in the same complex. Further
data revealed an increase accumulation of Alyref upon Ythdcl in a Wtap and
Mettl3 knockdown. If we were to speculate on the data presented we may

contrive Yth@1l associates with TREX prior to the methyltransferase complex.

Ythdcl RNAI results in reduced cell growth and ultimately lethality over a

120 hour induction time period. Although Ythdc1l RNAI results in call death it does
not appear to be as the resulf a global mMRNA export block or disruption of the
TREX complex. However targeted analysis of methylated transcripts based of
published iCLIP da{Xuet al., 2014)evealed, Ythdcl bound transcripts do indeed
accumulate in the nucleus upon 72 hours of Ythdcl RNAi. The nuclear
accumulated transcripts appear to havendergone splicing Finally the
knockdown of Ythdcl yields an increase in Alyref ditjposupon nfA/Ythdcl

bound transcripts. This is a phenocopy of the results presented in chapter 5 for
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Mettl3/Kiaal429. We can agalmypothesisethat the increased Alyref levels are
due to a defect in handover to Nxfl. We can rule out the increased Algief a
result of increased Alyref protein expression as throughout our data the proteins
levels of Alyref do not changed upon Ythdcl RM¥second possibility could be a
defect in cleavage and polyadenylation of theontaining transcripts. However
further experimental evidence is required to confirm an interaction and role of

Ythdcl with the cleavage and polyadenylation machinery.
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Chapter 7Discussion

7.1 Hypophosphorylated Wtap may act as an export adaptor.

Investigation into Wtap revealed its heavily phosphorylated in its- C
terminus and also contains a number of SR repeats. Removing-téen@us
results in a loss of RNA binding (Figure 4.7a) but does not changes Wtap cellular
localisation pattern (Figure 4.6). Wtap interacting partners rasgociate via the
N-terminus keeping it in situ. Dephosphorylating Wtap resulted in a reduced IP of
Mettl3/Mettl14, but increases the IP with export receptor Nxf1, illustrated in
Figure 7.1. This is counter to the current publishedI€adata indicating
Mettl3/Mettl14 bind to only the Nterminus (2250aa) of Wtap (Ping et al, 2014).

It is difficult to conclude dephosphorylation of Wtap inhibits Mettl3 binding as our
experimental design treats the entire lysate with alkaline phosphatase, therefore
many othe proteins will be dephosphorylated. It has been reported
phosphorylation is required for heterodimeric Mettl3/Mettl14 complex formation
(Wang et al., 2016), therefore disrupting this may indirectly affect
Wtap/Mettl3/Mettl14 complex formation. ldentificton of four SR repeats in the
Gterminus and CdP experiments with hypophosphorylated Wtap (Figure
4.8a,b,c) revealed it may act in a similar fashion to other SR proteins (Muller et al.,
2016) working as an export adaptor with Nxf1. The Hypophosphen/lditap
interaction with Nxfl appears to be independent of Kiaal429 (Figure 4.8b)
suggesting i°%Adependeit pracess Bigure 4.8¢c displays Kiaal429
and Nxfl CaP with Wtap, this may be due to incomplete dephosphorylation of

Wtap, and therebre the IP is of a mixed phosphostate population.
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7.2 TREX associates with the®swriter machinery and Ythdc1.

We identified interactions between the ¥A machinery (Wtap, Kiaal429,
Mettl3/Mettl14 and Ythdcl) and TREX/Nxfl through-lBoexperimets. This
builds on previous results indicating an overlap between the two complexes
(Masudaet al.,2005; Horiuchet al.,2013; Zhengt al.,2013; Bansadt al.,2014).

It appears Kiaal429 is the central component linking both complexes (TREX and
writers) together, as knockdown of Kiaal429 results in a decread® Getween

Wtap, TREX and Mettl3 (Figure 3.7). Howewar do not observe any export
phenotype upon Kiaal429 knockdown (Figure 3.8 and Figure 5.3b). The reasoning
behind the lack of a phenotypmaybe due to the upregulation of Wtap, at the
protein (Figure 3.7) and RNA level (Figure 5.1e), compensating for the loss of
Kiaal429.

Ythdcl CdP data revealed an association with the TREX complex and Nxf1
similar to the writers Kiaal429 and Wtap. Wesebved possible mutually
exclusive binding of Chtop/Alyref to Ythdcl (Figure 6.2d). Removing Chtop
resulted in an increase of Alyref associating with Ythdcl. This adds confidence to
our ColP data. Furthermore we identified Wtap, and to some extent Mettl3,
associate with Ythdcl, Figure 6.4a. An interaction betweéA meaders and
writers has not yet been published. Knockdown of Wtap or Mettl3 resulted in an
increased CoP between Ythdcl and Alyref (Figure 6.4b) whereas Kiaal429
knockdown did not increase lykef-Ythdcl association. This suggests the
interaction between Ythdcl and Alyref does not require the regulatory or
enzymatic element of the PA writer complex and said interaction may be

independent, and possibly prior, to methylation.
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7.3 A novel mechanism for TREX deposition.

Building on our association data between the three elements TREA, m
writers and Ythdcl we conducted nuclear cytoplasmic fractionation and RIP
experiments. Firstlywe required the simultaneous knockdown of two writers to
observe an mRNA export block, implying redundancy within the system. However
this was not the case for Ythdcl, suggesting no redundancy for the actions of
Ythdcl. This may also explain the cell death observed post 72 hours of Ythdc1l RNAI
(Figure 6.5).

Nuclear cytoplasmic experiments on Mettl3/Kiaal429, Wtap/Kiaal429
and Ythdcl knockdown resulted in a block of export for selet margeted
transcripts Taf7, Dicerland Ptpnl12. However, our initial observation was on a
small select group. The sequencimigpoly A+ RNA fromuclear and cytoplasmic
fractions from both Control and Wtap/Kiaal429 siRNA revealed 73% of all nuclear
accumulated transcripts werémpaired by nA depletion Interestingly the
nuclear fraction of Wtap/Kiaal429 contained an overrepresentation ofstapts
containing long exons (1000bp+), mor e
high number of rPA sites (5+) (see Figures 5e§c Although not confirmed by
sequencing analysis we predict, due to recent publications, that the majority of
nuclearaccumulated transcripts have undergone splicing éKal.,2017). With
these findings in mind we can e to consider the possibility of an% writer
and TREX dependent export mechanism for transcripts with long exons. The
current models of mMRNA expomdicates TREX deposition is completed post
splicing, therefore being deposited close to the EJC, TREX is also recruited via the
CBC (Chenet al,. 2006; Gromadzkat al., 2016). With this in mind we do not
currently have an explanation of how TREX isodépd 1000bp away from the EJC
within long exons, see Figure 5.2b (unpublished iCLIP). The above observations of
our nuclear accumulated transcriptspily the possibility of an /A writer, and by
extension the rBA mark, dependent mechanism for TREX dejmpsiupon long

exons and intronless transcripts.
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RIP experiments were conducted in all knockdown backgremgdse merit to the
statement above. Too our surprise we observed a number of different phenotypes
depending upon what writer/reader or TREX memb&s knocked down. To put

our results into context we constructed a simplified idealist model in Figure 7.2.
Initial recruitment of TREX to certain mRNAs is dependent on Wtap/Kiaal429
(Figure 5.8aand b), as knocking them down results in a decrease afefAlgnd
Uap56 upon target mRNAs. This is not just at tli& position but throughout the
transcript. Further evidence for Wtap dependent TREX deposition is presented
upon knockdown of Mettl3/Kiaal429, we observed no loss of Alyaeinstead

an increase.Our explanation for this is twofold, Wtap levels increase upon
Mettl3/Kiaal429 knockdown. Simply put if, as we suggest, Wtap is responsible for
recruiting TREX (specifically Alyref) more Wtap upon the mRNA may result in more
Alyref upon select transcriptSecondly waypothesiseéhe enzymatic addition of

m°®A via Mettl3 is required for the continued maturation of the complExerefore
removing Mettl3 hinders progression of the complex, leading to a fuplcbf
TREX. As well as a methyltransferase and TRE)lex associatignour data
suggests an early Ythdc1 recruitment prior to the addition &AnWe observed
decreased Ythdcl upon the mRNA in a TREX knockdown (Figud.8Me only
observe a reduction of Ythdcl when we knockdown two major componeints o
TREX (Alyref/Chtop) and the deposition of other factors was unchanged on the
MRNA. We do not see a loss of Ythdcl on the mRNA when knocking down the
export receptor Nxf1. We did not see a change in Wtap mRNA deposition upon
TREX knockdown. SuggestingX Riay be required for Ythdcls recruitment to the
MRNP. The final experiments leading to the construction of the schematic of Step
1 was the association between Wtap/Mettl3 and Ythdcl. Ythdcl associates with
Wtap (and partially with Mettl3), knockdown of \Aft culminates in an increase of
YthdcAlyref association. We believe this is indicative of another complex
maturation defect. We would predict a reduction of®fn upon Wtap/Mettl3
knockdown, therefore a reduction of Ythdcl bound to the mRNA. Ythdcl has a
very low affinity for unmodified mMRNA (Zhang et al., 2010). Wehgaothesisea
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Ythdcl association with TREX/Wtap prior to the addition ®nwWe have TREX
Ythdcl bound to the methyltransferase complex primarily via Kiaal429 and Wtap.
The enzymatic ddition of nPA results in the disassociation of the writers and
Ythdc1 binding the i\ mark, Step 2. We assume the methyltransferase complex
dissociates from the mRNP posfAmaddition due to Ythdcl mRNA binding having
the same footprint. Finally Step 3 waonstructed from the NxfYthdcl CdP

data (Figure 6.2d). We observed an increase of Alyref bound to select transcripts
when we knockdown Ythdcl. With this knowledge and our current data we can
predict the knockdown of Ythdcl results in a late stageoexplock. In Ythdcl
RNAiconditions,mRNA will be loaded with TREX but not exported, implying a
possible defect in Nxf1 recruitment. Unfortunately we were unable to obtain RIP

data for Nxf1 in Ythdc1l RNAI possibly due to its transient RNA binding meunhanis

We believe we have evidence to suggest theAmwriter complex and
reader (Ythdcl) play a role in the nuclear export of a subset®f containing
transcripts. This pathway appears to aid in the deposition of TREX upon long exon
containing transcripts Our simplified model in Figure 7.2 is constructed from our

current data and we aim to reinforce this with future studies.

7.4Ythdcl cell death and export block.

The published GO analysis of Ythdcl targ¥tset al, 2014)is consistent
of the categories for our nuclear accumulatedncontaining transcripts within
Wtap/Kiaal429 knockdown (Figure 5.6b). Cell cycle, gene expressiddNaad
repair are over represented. We beliethee export block induced by Ythdcl RNAI
is responsible for the cell death post 72 hours (Figure 6.5b). We predict transcripts

required for cell growth/protein expression are trapped in the nucleus.

Furthermorethe literature indicates Srsf3 and Ythdcl are associated, and
involved in alternative splicing of a transcript subféiaoet al,, 2016) Srsf3 was
also found to act as an export adaptor to the receptor INgfluller-McNicoll et

al., 2016) It is feasible to assume Srsif3d Ythdcl are present in the final mature
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configuration of the export complex with Nxf1l based of ourIRa@ata. Both Srsf3
and Ythdcl have a 3’ preference within 1
recruitment being partidy down to the action of Sr8f Moreover this also
overl aps with the 3  deposition of Ythdcl

role in the final licencing of a transcript foxfll dependent nuclear export.

Finally we discovered a possible link indicating Ythdcl1 could have ia role
the cleavage ah polyadenylation pathway. Ythdcl shares homology with
ArabidopsisCpsf30, a YTFHomain containing polyadenylation fact¢Fray and
Simpson, 2015) Analysis of Ythdcl association partners within the STRING
database revealed multiple Cpsf proteins. Although we only tested a limited
number of transcripts in Ythdcl RNAI, we predict Ythdcl would only act in the
cleavage/polyadnylation of a subset of methylated transcripts. Further
experimental evidence is required to solidify this hypothesis, if true our model
presented above would still be valid. The association of TREX and writers would
be unchanged but an addition step ofthdicl and TREX facilitating the
polyadenylation of specific transcripts would occur. This may also explain the
alternative polyadenylation identified within our Wtap/Kiaal429 knockdown,

Figure 5.7.

7.5Conclusion

We believe we have identified a coopéve pathway for the deposition of
TREX upon long exons and intronless transcripts. Our evidence indicates a dynamic
complex consisting of TREX¢Awriters and readers and as the transcripts mature
the complex may alter. Furthermorere have discoveredtivdcl may also play a

role in the cleavage and polyadenylation of a subset of transcripts.
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7.6 Future Work

To increase our understanding of tha&minus of Wtap we would aim to
do a more indepth analysis. Mass spectrometry should be conducted og- Fla
Wtap and FlaghAC t o i denti fy differences in
should be introduced converting each and all of the SR region to an alanine
followed by pulldowns with Nxfl. This will enable a more taegdbok at the

possible SR interactions with Nxf1.

Futther analysis is required on our Wtap/Kiaal429 sequencing data set.
We aim to confirm no splicing defect is present. It would also be desirable to
construct a Wtap knockout cell line and repeat the Wtap/Kiaal429 experiments.
To confirm if a SiRNA efficignavas not the result of no identifying a phenotype

upon knockdown of individual members.

To confirm our hypothesis of more Wtap in Mettl3/Kiaal429 knockdown
is responsible for the increase of Alyref on the mRNA we will over express Flag
Wtap and FlagsFPin Hek293t and conduct an Alyref RIP. If we observe more
Alyref upon the mRNA this will confirm our hypothesis. Alternatively the idea of
Mettl3 catalytic activity being required for complex progression can be tested via
mutational analyse. Point mutatienn either of Mettl3s CCCH motifs result in the
loss of MSA catalytic ability of(Wanget al, 2016) Expression of the bitl3
mutants followed by an Alyref RIP wdudllow us to identify if the catalytic activity

IS required for complex progression.

The mutations mentioned above would also be a bases for further Ythdcl
studies. Switching one or all of the tryptophan residues in the Ythdcl aromatic
m°®A binding cageesults in no mRNA bindir{uet at>, 2015b) This would allow
us to confirm if the initial binding of Ythdc1 to TREX is dependent’dn iwilding
on evidence of a prior association with Wtap and TREX. As we observed Ythdcl
binding Nxf1 itvould be interesting to assess where on Nxf1, Ythdcl binds. Using
truncated Nxfl constructs from previous studi€¥iphakone, Guillaume M

Hautbergueegt al, 2012)and Flagythdcl pulldowns can easily be done to identify
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the specific binding site. Comparing data sets already published in an Ythdcl
knockdown will allow us to look for any palyenylation/termination defectXiao

et al, 2016) Experimental confirmation of a termination defect can then be
established using gPCR with primers upstream and downstream of the
polyadenylation site. Funer sequencing should be conducted using our
nuclear/cytoplasmic fractionation method in an Ythdc1l RNAI background. This will

allow us to compare the transcripts sensitive and cross reference with our
Wtap/Kiaal428 data sets. Furthermore computational gsisl of Ythdcl PAR CLIP

(Xuet al, 2014)and Alyref, Chtop and Nxfl1 iCLIP (unpublished) can be used to
construct further experimental quésns a n d confirm if Yt hdcl

correlates with that of Alyref.
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