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ABSTRACT

RNA modifications, which collectively constitute the epitranscriptome, have
been found to play acrucial role in regulating gene expressioN®-
methyladenosine (PA) is a ubiquitousbase modification in mMRN#of most
eukaryotes and is implicated in multiple biological processes. The formation of
mPA is catalysed by themethyltransferase (MTase) complémCA writer
complex) composing of MTA,MTB, FIP37, Virilizer and Hakai (an E3
ubiquitin ligase). As a novel member of the MTase complex, the role of Hakai
in MRNA methylation both in plants ami mammals is not yet understodd.
addition, the biological functions affA in plants is far from weltharacterised

The aim of this study is to elucidate the function of Hakagractions between
differentcomponent®f the MTase compleand the regulatory role @f®A in

root developmentBased on characterisingiutants andtransgenic lines
generatedvia CRISPRCas9, crossing and floral dip transformatiom
combination with rfA measuremest confocal microscopy, transcriptional and
protein level analysis, proteomic assay, etc., the following results and
conclusions are reached. The knockoutHaikai led to approximately 40%
decrease of P\ level and this could be restored by complementation with a
wild-typeHakaitransgeneMTA, FIP37 and Virilizer among known $A writer
proteins were interacting partners of Hakanta hakai double mutants
demonstragd more severe developmental defects whakai fip37andhakai
virilizer appear to be lethalrherefore, Hakai is an importanffwriter protein,
acting synergistically with other %A writer proteirs to properly perform §A

modification and regulate pia growth and development. In addition, novel



proteinsinteractingwith both MTA and Hakaivere identified including two
zinc-finger proteins (AT1G32360 and AT5G53440) and Hakai is required for
the interaction between MTA anéT1G32360 All low m°A mutants
demonstratedtrong auxirinsensitive phenotypedramaticallyshorter primary
roots and reduced lateral roatsative to WT, indicating &\ might have a
regulatory role inmediatingthe auxin signalling networkStrikingly, auxin
response facto/ (ARF7) protein level increased upon the knockourIBRB7 or
Virilizer while its mRNA level and ARF8 protein level were unchanged. Given
that ARF7 contains upstream open reading frames (UORF$hibus not the
case for ARF8, we propose thafAnmight be responsible fottranslational
regulationof some uORFeontaining transcripts. Collectively, the data in this
study shed new light dnteractionsbetweermPA writer proteins and regulatory
mechanisms of ff\ modification, which will aid our understanding of the

function of eukaryotic mMRNA methylation.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 RNA MODIFICATIONS

Like DNA and protein modificationsRNA modifications, which collectively
constitute the epitranscriptonae now also recognisedfasilitating important
regulatory mechanisms for gene expression and fum{iSaletore et al., 2012)
There are more than 140 chemical modifications found in RNAs and those in
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) are the most abundant
and extensivehgstudied Limbachet al., 1994Machnickaet al., 2013; Burgess
etal., 2016; Roundtree et al., 2017). In messenger RNAs (mMRNAs), as well as
the canonical '57-methylguanosine (AG) cap and ‘3poly(A) tail, which are
essential for mRNA stability, preRNA splicing, translation initiation, etc.,
internal MRNA modifications have also been found and these have gained more

attention in recent years (Roundtree et al., 2017).

1.1.1 Diverse mRNA Modiications and Their Chemical Properties

Recent advances in detection technology for RNA modifications, especially
high-throughput sequencing in combination with old detection methods enable
the identification and characterisation of chemical modifications in relatively
low abundance mRNAs. Majathemical modifications in eukaryotic internal
mRNAs include N°-methyladenosine (PA), N'-methyladenosine (M),
pseudouridine (Q), 5-methylcytidine (MC) and 5-hydroxymethylcytidine

(hnC) (Figure 1.1). Though most of these RNA modifications were disedver
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decades ago, their importance in regulating mMRNA metabolism has been largely
ignored until recent years when the development of transcripiade
sequencing technology has made detailed studies possible (Fray and Simpson,

2015; Li X et al., 2017; Routicte et al., 2017).

OH  NH,
NH
N/CH‘ | XN
/
HO Base <N N/) N/&O
) ey =
Ok Op s OH OH OH OH
T mA hmsC meA
*«—— | — P A
RHHp m>C Y 1] meA poly(A) tail
NH, o HN/CH3
H3C\ﬁ\N HN)]\NH ) W
|
HO N/& HO o o HO <N N)
Lo b =N
OH OH OH OH OH OH

Figure 1.1 Chemical modifications in eukaryotic mRNA&dapted fromRoundtree et
al., 2017)Nm: 2'-O-methylation m°C: 5-methylcytidineg m*A: N*-methyladenosine]:
pseudouridinehnPC: 5-hydroxymethylcytidine m°A: N6-methyladenosineThe Hue
rectangle represents the coding sequence and thelilegdegment flanking the blue

rectangle refers to untranslated regions (UTRS).

Among the above mRNA modifications®A andm'A represent methylation at
the N® and N* positions of adenosine, respectively. However, their chemical
properties and depositions on mRNAs are distim®f is the most abundant
internal modification in eukaryotic mMRNAs, but is among the hardest to be
deteted (Zhong et al., 2008Golovina et al., 2013). This is because’A
modification does not affect Wats@rick basepairing therefore it cannot be
revealed in cDNA libraries byaltering base pairingpr impeding reverse

transcription(RT) with or without preliminarchemical treatmest(e.g., m'A
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and(Q) (Dai et al., 2007Golovina et al., 20L,3Harcourtet al., 20¥). Unlike
m°A, m'A has the methyl group at the WatsBrick interface and introduces a
positive charge, which can stalllRr lead to misincorporation at*A sites in

the readthrough cDNAs (Agris et al., 1986; Helm et al., 1999; Helm, 2006;
Hauenschilcet al., 2015). Thougm'A is not as abundant a’A, the positive
charge caused by*A may dramatically affect RNA structures and Rig¢otein
interactions (Roundtree et al., 201MYA is prevalent in tRNAs and rRNAs and
proved to be involved in stabilising tRNA tertiary structure and regulating
ribosome biogenesis (Saikia et al., 2010; féteiet al., 2013). Recent
transcriptomevide sequencing based on specifitA antibody revealsn’A is

also present in human and mouse mRNBsnfinissiniet al., 2016; Li et al.,
2016). m*A locates uniquely near the transcription start site wiifé is
enichednear stop codons and ihuhtranslated regions '(83TRs) (Bodi et al.,

2012;Dominissiniet al., 2012, 2016; Meyer et al., 2012).

Ot her RNA modi ficat i on°)amelativdlyeasierto e ar |
be detected because of their special chemical propeftissa carborcarbon

glycoside isomer of uridine (U) and is regarded as the fifth nucleotide of RNA

due to its abundance in RNAs (Cohn 19B@kin andOfengand 1993; Song et

al., 2017)( as wellas U and guanosine (G) can be labelled4@yclohexyt3-
(2-morpholinoethylcarbodiimidemethop-toluenesulfonat€ CMC), but after
subsequent alkaline hydrolysis (pH = 1éthigh enough to degrade RNAs

only the CMGQ adduct atN® position of  remains(Naylor 1965; Ho and

Gilham, 1967, 1971; Bakin and Ofengand, 1998 theN? site of U or( is at

the WatsorCrick face, CMCG(Q adducts terminate RT following CMC treatment.
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Thus, the comparison of CMteated and untreated transcripts enables the
detection ofd modification by looking for truncated RT products (Harcaatrt
al., 20T7). Recently, four independent transcriptewide mappings assisted by
CMC pretreatment uncovered the prevalence, distribution and some functions of
MRNA pseudouridylatin (Carlile et al., 20%; Lovejoyet al., 20%; Schwartzet

al.,, 204a; Li et al.,, 20B). These highhroughput sequencing methods
demonstrated] sites not only in known or unknown naoding RNAS,
including tRNAs, rRNAs, small nenoding RNAs and long necoding RNAs
(INcRNASs), but also in mMRNAs in yeaSgccharomyces cerevisjaguman and
mouse. Three of them show tHgtis distributed all alog MRNA transcripts
(Carlile et al., 20%; Schwartzet al., 20%a; Li et al., 205). However( sites

are found underrepresented3nJTRs of yeast mMRNAs while the distribution
of @ in human and mouse mMRNAs demonstrates underrepresentatl@iliRS
(Carlile et al., 20%; Li et al., 205). Nevertheless, the consistent conclusion
regarding the function @ is that( is indicated to be involved in stress response,

such as heat shockérlile et al., 20%; Schwartzet al., 20%a; Liet al., 205).

m°C modfication on genomic DNA can be detected by using the sodium
bisulfite treatment. After this treatment, cytosine is converted to uracil whereas
m°C remains unchanged (Frommer et al., 1992). Modified bisulfite treatment, in
which conditions are modified so as to protect RNAs from degradation, can be
used to deteeh°C modifications in RNAs (Gu et al., 2005; Schaefer et al., 20009).
Comparing sequences bisulfite-treated and untreated RNA transcripts can
revealm®C-modified sites (Li X et al., 2017). Coupling bisulfite conversion with

nextgeneration sequencing reveals th&C modificationsare not randomly
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distributed across the human transcriptotma, enriched in UTRs and near
Argonaute binding regionSquires et al., 2012). In DNASPC can be oxidised
to hm°C byten-eleven translocation (Tet) famiproteins and this appears to be
alsothe case in RNAs (Fu L et al., 2014).Dnosophila melanogster, m°C is
primarily located in the coding sequences, which is different from thaPGf

(Delatteet al., 2016).

Additional chemical modifications, such 2sO-methylation 2-OMe or Nm),
N®,2-O-dimethyladenosinenf®’Am) and adenosine to inosine editing-{@l
editing), are also present in mRNAs of most eukary@e&3Me, methylation of

the ribose Zhydroxyl, takes place on the first and second nucleoside adjacent to
the 5 cap Perryet al, 1975 Wei et al., 1976 Further methylation of'-O-
methyladenosinéAm) at theN® position of the adenosine gives risentéAm

(Wei et al., 1976Kruseet al., 2011). Ato-I editing is a special category of RNA
modifications, termed RNA editing, which is catalysed ficatscriptionally by
adenosine deaminase acting on RNA (ADAR) enzyniish{kura 2010).
However, these chemical modifications (Am®Am and Ato-l editing) are

absent in plantd\ishikurg 2010; Fray and Simpson, 2015).

The different deposition patterns of the RNA modifications discussed above
suggests they have diverse functions. However, further studies are needed to
decipher the biolagal functions of these chemical modifications (especially

m°C, hmPC and() in mRNASs.
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1.1.2 Detection Methods for rfA Modification

1.1.21 Methods based amadioisotope labelling andhromatography

mPA was fortuitously discovered in 1974 by seveyalups studying'Serminal
methylation (Desrosiers et al., 1978erry and Kelley, 1974). Earlstudies
combined labelling by’H-methyl methionine, alkaline hydrolysis/enzymatic
digestion and chromatography based on the ability to obtain pure poly(A3 RNA
(Desrosiers et al., 197Rerry and Kelley, 1974; Perry et al., 1975; Dubin and
Taylor, 1975; Wei et al., 1976; Wei and Moss, 197H)methyl methionine can

be applied to cells as the methyl source, which is then metabolically incorporated
into S-adenosylmethionine (SAM), a methyl donor in many methylation
reactions in cellsMeyer and Jaffrey, 2014DEAE-Sephadex chromatography
can be ued to analyse methylated nuclieles constituents of RNAs. Egrl
studies showed that there are both base &uodei methylation in mMRNAs and
approximately80% ofthebase methylatiois from nfA (Desrosiers et al., 1974;
Perry and Kelley, 1974; Dubin and Taylor, 1975). Later, Wei et al. (1976) for
the first time discovered that®h sites show sequence specificigxclusively

as GMAC and AnfAC. They also showed that 70% ofAnis in GnPAC and

30% is in AnRAC (Wei and Moss, 1977).

Another method of measuring overafiAievels relying on radioisotope is two
dimensionathin layer chromatographff LC) (Keith, 1995; Zhong et al., 2008).
The TLC assay is based on digesting poly(A) RN ribonuclease T1 (RNase

T1) to cut after every G residue, followed by labelling Witd’P]JATP at 5 ends
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of digested fragments. Labelled polynucleotides arbéurdigested bguclease
P1to form mononucleotides and then separated ondiw@nsionalcellulose
TLC platesdeveloped in different solvents (Zhong et al., 2008). Modifié4 m
can be determined by comparing its mobility with known molediegire 1.2)
(Keith, 1995 Zhong etal., 2008. The drawback of this method is that it does
not cover all A sites but only those after G, which account for 70%°%6f m

modification (Zhong et al., 2008; Wang and Zhao, 2016).

S

(»)
@@
Ohgic

1st dimension

Figure 1.2Relative positions afnajorand modified 5nucleotids ontwo-dimensional

2nd dimension

thin layer chromatographgAdapted from Keith, 1995 and Zhong et al., 2008)
adenosie; C: cytosine; U: uridineG: guanosine; Anm2-O-methyladenosineCm: 2-
O-methykytosineg Um: 2-O-methylriding Gm: 2-O-methylguanosing m°PA: N&-

methyladenosine

In contrastliquid chromatography coupledth classic mass spectrometry (LC
MS) or tandem mass spectrometry (MS/MS) can also be used to determine
the global abundance o (Wang and Zhao, 2016{elm and Mtorin, 2017).

In most cases, RNA is digested into single nucleosides usicgase Phand
alkaline phosphatase and subsequently analysed byphifiirmance iguid

chromatographyHPLC), HPLGMS or LC-MS/MS (Clancy et al., 2002; Jia et
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al., 201; Zheng et al., 2013; Liu et al., 2014; Schwartz et al., 2014b; Shen et al.,
2016). Though this method covers all A sites with very high sensitivity, it is not
easy to be used mainly because special equipmeeixpedtise are required and

a large amoundf RNA sample is needed and RNA is more difficult to be dealt
with in mass spectrometry assay compared with protein samples (Wang and

Zhao, 2016Helm and Mbtorin, 2017.

1.1.22 Methods based on highroughput sequencing

Transcriptomewide localisatiorof m®A was not available until 2012 when two
groups developed similar % detection methods based on combinRYA
immunoprecipitation using mPA-specific antibodies with next generation
sequencing termed rBA-seq and methylated RNA immunoprecipitation
sequencing (MeRHBeq) respectively (Dominissini et al., 2012; Meyer et al.,
2012). In both methods, poly(A) RNAs or RiboMintiseated RNAs of
mammalian cells are fragmented into around -t06leotide (ntlong
oligonucleotides prior to immunoprecipitatiousing an artin®A antibody.
Afterwards, libraries areonstructed from immunoprecipitated fragments and
also those without immunoprecipitation (input control), followed by Righ
throughput sequencing (Dominissini et al., 2012; Meyer et al., 2012). Time mai
difference of these two metholissin their downstream computatialmethods

for aligning readsand nfA peak calling (Saletore et al., 2012).

However, the above two transcriptomide mPA detection methods

demonstrate relativelyoiv resolution sincem®A sites can be mapped within a
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100-200 nt transcript region but precise positions cannot be confif@eeh K

et al., 2015Ke et al., 2015Linder et al., 2015; Wang and Zhao, 2p16 2013,
Schwartz et al. (2013) generate@ps of A sitesin meioticyeast transcripts
with increased resolution by optimising previously publishéd-seq. In their
method, fragment size of RNAsas decreased and ligationbased strand
specific library preparation protocol capturingth ends of the fragmented RNA
was employed t@nsue that the methylateg@osition is within the sequenced
fragment (Schwartz et al., 2013)in addition, methylationdeficient control
strainswere usedo eliminatemanyfalsepositivemPA peaks(Schwartz et al.,
2013) Later, m®A sequecing strategies with higher resolution or single
nucleotide resolution were reported (Chen K et al., 2015; Ke et al., 2015; Linder
et al., 2015). One of them jhotocrosslinkingassisted ®A-sequencing (PA
mPA-seq) which couples Ipotoactivatable ribamcleosideenhanced
crosslinking and immunoprecipitation (PAR-CLIP) with previous mfA
sequencing (Chen K et al.,, 2015). In this methédhiouridine (4SU)is
incorporated into RNAs of living human cells. In the following
immunoprecipitation step, fulengh mRNAs rather than fragmented ones are
used. After ultraviolet (UV) crosslinking, crosslinked RNAs are digested to
around 30 nt using RNase T1 and then subjected to library preparation and
sequencing. Because 4SU incorporation and UV crosslinking in@itioeC
transition nearby fA modified sites, this method improves the resolution of
mPA sequencing to ~ 23 nt. However, this method is only egpé to living

cells andm®A sites that do not harbour a nearby site for 4SU incorporation may
be missed\Wangand Zhao, 2016; Li X et al., 20L7Additionally, another two

approaches adapted from UV crosslinking and immunoprecipitation (CLIP),
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denominated asn®A-CLIP and m°A individualnucleotideresolution cross
linking and immunoprecipitation (18iLIP), enable le identification of rPA at

a singlenucleotide resolution (Ke et al., 2015; Linder et al., 2015). This is based
on the fact that RT of RNA crodimked to a specifian®A antibody results in
mutations or truncations in cDNA libraries (Ke et al., 2015; Linder et al., 2015).
Another recently developeth®A detection method, termed ®Arlevel and
isoform-charactesation sequencingmPA-LAIC -seq, for the first time claims

to quantitatively compare methylated versus nonmethylated transcripts by
employing excess antn®A antibody, fulllength transcrig and spikein
controls on a genomeide scale (Molinie et al., 2016). HowevenA sites

cannot be defined in this method duehe usage of fullength mRNAs.

1.1.2.3Methodsof detecting #A at specific sites

One limitation of the above transcriptoméde sequencing technologies for
detectingm®A is that they all rely on specific anti®A antibodies. Unfortunately,

all existing mPA antibodybased immunoprecipitation procedures are often
associated with false positives (Wang and Zhao, 2016). To address this problem,
Liu et al. (2013) developed a method to validate speaiit sites, termd site-
specific cleavage ah radioactivelabelling followed by ligationassisted
extraction and thidayer chromatography (SCARLET)he procedure is as
follows (Figure 13). Firstly, a candidate site of interest is chosen and poly(A)
RNAs are digested bigNase H in the presence atomplementarp’-OMe/2-

H chimericoligonucleotideto achie\e site-specific cleavage'%o the candidate

site. Afterwards, the fre®' end is labelled wit#?P and spliligated to a 116
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nt-long singlestranded DNA oligonucleotide to protect the 3?P-labelled
nucleotideresiduefrom the following digestionThe ligated product is then
digested by RNase T1 and RNase A to cut off all the RNA nucleotides except
for the *?P-labelled candidatesite. The labelled product ipurified by gel
excision and further digested by nuclease P1 to form mononucleotides. The
mixture is finally separated on TLC to analyse the proportiom¥%$ at the
candidate site (Liu et al., 2013). This method has been used by Ke et al. (2015)
andLinder et al. (2015) to confirm and precisely localise tha sites identified

by theirmPA-CLIP or miCLIP.

Total polyA * RNA sample

5 X Target RNA
l Anneal chimera

" V.

2'H
l RNase H

5 pX

1 “p-label

p

5 pX
Splint ligation to a
116mer DNA oligo

Splint

l RNase T1/A

2'H
5 — -

l. Gel Purification
l Nuclease P1

§ e
2p.m°A
i
Figure 1.3 Schematic diagram of sipecific clavage and radioactirMabelling
followed by ligationassisted extraction artflin-layer chromatography (SCARLET)
(Liu et al., 2013).
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Other reporte@pproaches to the detectionndiA at specific sites include®A-
sensitive ligation assay (Dai et al., 2007) enté-sensitive RT assays (Harcourt

et al., 2013; Vilfan et al., 2013). Alhese methods are based on the different
chemical properties ofi®A and normal A residues. For example, in the ligation
assaytwo DNA oligonucleotides are ligatada T4 DNA ligaseusing a RNA

with or withoutmPA as a template. The oligonucleotide sufst containing G

at 3 end can form aonWatsorCrick G-A base pair with A omPA in the RNA
template. However, the ligation reaction is significantly slower whenni®s
instead of A Dai et al., 2007Meyer and Jaffrey, 2034In terms of methods
based on RTincorporation efficiency of thymidine oppositexmodified Ais
much higher relative to that opposite®A when usinga polymease from
Thermus thermophilu@th) in RT (Harcourt et al., 2013%imilarly, in another
methodtermedsinglemolecule, reatime (SMRT)RT assay, the frequency of
fluorescence pulses at°A site on the RNA template is significantly decreased
compared to the same RNA template containing the normal A site, indicating
phospholinked nucleotideinding is affected by fA in the RNA template
(Vilfan et al., 2013). Though these methods can successfully armafyset
specific sites to some extent, they all have thein defectsThe ligation assay
itself is not robust enough and cannot give sufficiently clear and quantitative data.
The RT assay usinfth DNA polymerase is restricted to higtbbundance cellular
RNAs andSMRT requires special equipment for the assay (Wang and Zhao,

2016).
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1.2 CHARACTERISTICS OF m°A MODIFICATION

Since the first discovery ah®A in mRNAs in the 1970sn°A has been proved

to be conserved among different eukaryotes, including mammals (Desrosiers et
al., 1974;Perry and Kelley, 1974; Dubin and Taylor, 1975), plants (Kennedy
and Lane, 197ichols, 1979; Haugland and Cline, 19&hong et al., 2008),
Drosophila(Haussmanet al., 2016; Lence et al., 2016) and yeast (Clancy et al.,
2002).In plants, arly studiesshowed that §A is present in mRNAs of maize
(Zea may} (Nichols, 1979, wheat Triticum aestivuh (Kennedyand Lane,
1979 and oat Avena sativa (Haugland and Cline, 1980). There are
approximately two ®A residues perl,600 nucleotide residueBr maize
poly(A)-containing RNAs and fA accounts for 780% of the total methylation
activity in poly(Axrich RNAs from imbibing wheat embryos, similar to the
ratios of A in mammalian mRNAs (Nichols, 1979; Kennealyd Lane, 1979
Perry and Kelley, 197Dubin and Taylor, 1975Early studiesn both mammals
and plantsevealed that il modification demonstrates sequence specificity,
with m®A occurring at GrPAC and AnPAC (Wei et al., 1976 Nichols and
Welder, 198) Later, the consensus sequencenSA siteswas extended to
RRACH (whereA is the methylation siteR = purine and H = A, C, or U) (Wei
and Moss, 1977Harper et al., 1990 Recent higkithroughput sequencing
confirms this consensus sequence in a transcriptade level and it is
conserved in mammals, yeast, plants Bnolsophila(Dominissini et al., 2012;

Meyer et al., 2012Schwartz et al2013; Luo et al., 20%4.ence et al., 2006
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The location of rPA across theranscript is asymmetric. In 1975, Perry et al.
(1975) for the first time discovered thafAresidues are absent from poly(A)
tails and they are located internal to the poly(A) near‘teedof mouse mRNAs.
Consistently, Bodi et al. (2012) showed th&A is predominantly positioned
towards the 3 end of transcriptén a region 100150 bp before the poly(A) tai
using methods based on chemical fragmentation and TLC andlisieafter,
transcriptomevide sequencingmethodsfurther verified the earlier esults
(Dominissini et al., 2012; Meyer at., 2012,Schwartz et al., 201Zhen K et

al., 2015; Ke et al., 2015)0riginal MeRIRseq and fA-seq show that
mammalian methylations areghly enrichedn 3' UTRsand near stop codons
though the enrichmerdf mPA around stop codons is not found i¥ARCLIP

with singlenucleotide resolutiondominissini et al., 2012; Meyer at., 2012;

Ke et al., 2015). In yeast,%h sitesare 3 biased and tightly cortated with the

stop codon$chwartz et al., 2033In Arabidopsis Luo et al. (2014) found that
mPA deposition isnot only around stop codsrand within3' UTRs but also
abundant around the start codon. However, our previous fragmentation analysis
(Bodi et al., 2012) and our unpublished extensive Meftiftdata did not show

this 5-end enrichment of P\ modifications inArabidopsis Collectively, nfA
methylomes demonstrate very high conservation in terms of general distribution

within transcripts and sequence context across eukaryotes.

Though MA occurs prinarily within the RRACH consensus sequence, only a
portion of the RRACH sites contain tletual observedh®A modification. In
addition to the consensus sequence, early studies usingvaro methylation

system showed that other structural featureb@oterall context in whichm®A
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occurs also affect the formation ofA (Narayanet al., 1994; Rottman et al.,
1994).Thereforejt is necessary to uncover the molecular mechanism underlying
the selectivity, regulation and function of®An modification in living cells
(Zhong et al., 2008 ominissiniet al.,2012;Ping et al., 2014; Fray and Simpson,

2015).

1.3 THE METHYLTRANSFERASE COMPLEX ( m®A WRITERS)

1.3.1 METTL3 and Its Orthologues

Identification of enzymes that catalyse the formatdrmCPA is a priority to
elucidate the mechanismmfA modification Early studiesn the 1990s showed
that m°A formation in mRNAs is catalysed by a mestibunit complex (now
also known asn®A writers) (Bokar et al., 1994, 1997). The first characterisation
of MRNAmMPA methyltransferase (MTasi)human HelLa celldiscovered three
components, MIA1, MT-A2 and MT-B, with molecular masses of 30, 200 and
875 kDa, respectively (Bokar et al., 1994heTMTase activity requissat least
MT-A2 and MT-B. MT-A2 contains a 7&Da SAM binding subunitwhich was
designated MJA70 and is now known asethyltransferase like 3 (METTD.3
(Bokar et al.1994,1997 Ping et al., 2014 phylogenetic analysis reveals four
subfamily lineages of M-A70 related proteins (Leage AD). Lineage AC are
unique to eukaryotes while Lineage D contains a small cluster of bacterial DNA

mPA MTases and is the most distantly related (Bujnicki et al., 2002).
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After identification and purification of METTL3 in mammals, its orthologues in
other eukaryotes have also been identified, includvigA in Arabidopsis
(AT4G10760) (Zhong et al., 2008), Induecdmeosis 4(Ime4) in yeastClancy

et al., 2002; Bodi et al., 201@ndDm Ime4in Drosophila(Hongay and O¥r
Weaver, 2011)METTL3 is ubiquitously expressed in human tissues and is
observed to be localised in speckles, whieres enriched with prenRNA
splicing factors (Bokar et al., 1997). Knockdown of METTL3 in both HeLa and
293FT cells decreas¢he nfA level in mRNAs (Liuet al., 2014) Complete
knockout of MTA inArabidopsisleads to an arrest at the globular stage during
seed development. Tma®A modification is undeteable in the arrested seeds
while the m®A level recovers in the complementation line contairentull-
lengthMTA cDNA under the control of the constitui cauliflower mosaic virus
(CaMV) 35Spromoter(Zhong et al., 2008)n yeast, A is only foundduring
sporulation and this change requiresed expressior{Clancy et al., 2002; Bodi

et al., 2010)Knockdown ofDm Ime4in Drosophilareduces then®A level by

approximately 70% (Lence et al., 2016).

1.3.2 METTL14 and Its Orthologues

As a homologue of METTLS3, methyltransferase like 14 (METTL14) belongs to
Lineage Bof METTLS3 related proteinand sharg 43% identity with METTL3
(Bujnicki et al., 2002; Ping et al., 2014; Yue et al., 2015). Moreover, METTL14
possesses similar domains essential for the catalytic activity as METTL3 (Ping
et al., 2014)Like METTL3, METTL14 is also localised in nuclear speckles

(Ping et al., 2014). Knockdown of cellular METTL14 demonssateonger
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decrease in the A level compared with that in METTL3 knockdown cells and
METTL14 shovws much higheMTaseactivity in vitro (Liu et al., 2014 Wang

Y et al., 201. These resultsuggesthat METTL14 may play a more important
role than METTL3 in rPA modification. Combination of METTL3 and
METTL14 exhibits even higher MTase activity, indicating they function
synergistically (Liu et al., 2014; Wang X al., 2014).Gel filtration analysis
shows that METTL3 and METTL14 form a stable heterodimer core complex
(Liu et al., 2014)METTLS3 depldion affectsthe nuclear speckle localisation of
METTL14 and vice versa, which confirms that METTL3 and METTL14 work
as a heterodimer (Ping et al., 2018)cuctural analysis in three recent reports
demonstrate the crystal structure of METTMETTL14 heterodimer but
suggest thaVIETTL3 primarily functions as the catalytic core while METTL14
serves as an RNAinding platbrm (Wang X et al., 2016; Wang &t al., 2016;

S | eahd Jinek, 2016)It is very interesting that there are two catalytic
components in the MTase complex, indicating that these two catalytic
components may target different sets of RN&as/en that therera conflicting
conclusions about the active catalytic component in the MTase complex based
on biochemical and structural studies, mdéuwectional analyss should be

performed in living cells to answer this question.

Orthologues of METTL14 exist in othepecies (Bujnicki et al., 2002), but have
not yet been well characterisddepletion of DrosophilaMETTL14 decreases
mPA level by about 70% (Lence et al., 2016). HomozygDussophila ime4
mettll4double mutant demonstrates similar phenotyp@sedsingle knockout

mutant, though more severe, suggesting Dratsophilalme4andMETTL14
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control similar biological pathways wivo (Lence et al., 2016)n plants, the
orthologue of METTL14 istermed MTB (AT4G09980Q, which has been
identified to be associate with the nfA writer complexby tandem affiity
purification (TAP)butits role in mMRNA methylation has yet to be determined
(RTgi | ka ¢ tn addition,,compabdisory dTA and MTB in terms of
MTase activity, target transcripts and biological fumas should be carried out

based on characterising MTB in plants

1.3.3 WTAP and Its Orthologues

The initial discovery ofwWilms' tumour tassociating protein (WTAPas a
component of the MTase complex is from the study of MTAAmbidopsis
(Zhong et al., 2008). In this studTA was found to interact with the
orthologueof WTAP in Arabidopsis FKBP12 INTERACTINGPROTEIN 37
(FIP37, AT3G54170Q bothin vitro andin vivo. In addition,FIP37 and MTAco-
localisedin nuclear specklezfiong efal., 200§. Two recent papers confirmed
that FIP37 is a core componentgfbidopsidviTase complex (Shen et al., 2016;

RTgil ka Bt al., 2017

Wilms' tumour lassociating protein (WTAPyas originallyidentified as a
protein that specifically interacts thiWilms tumour suppressor gene 1 (WT1),
which is essential for normal development of the genitourinary system (Little et
al., 2000). Previous stusB showedthat WTAP is required for cell cycle
progression, mammalian early embryo development and alterrsgiicing of

WTAP premRNA (Horiuchi et &, 2013). Recent studies provetht WTAP is
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another crucial component of the MTase complex in mammals (Liu et al., 2014;
Ping et al., 2014; Schwartz et al., 20LANTAP does not harbour any obuis
catalytic dmains and demonstratee catalytic activity itself or effect on the
activity of METTL3-METTL14 complexin vitro (Liu et al., 2014; Ping et al.,
2014). However, knockdown of WTAP in human HelLa and 293FT celiis le

to greatemm®A reduction compared with the effects of knocking down METTL3

or METTL14 (Liu et al., 2014). WTAP is a nuclear protein and WTAP depletion
decreasethe accumulation of both METTL3 and METTL14 in nuclear speckles
(Ping et al., 2014). Mreover, the knockout of WTAP csesa significantly
reduced amount of RNA associated with METTLS3 (Ping et al., 2014). Therefore,
a WMM (WTAP-METTL3-METTL14) complex is suggested in mammais,
whichWTAP binds to the #A consensus RRACH motif of mMRNA and recruits
catalytic subunit$ METTL3 and METTL14 and hen the METTL3METTL14
complex carries out PA MTaseactivity in the miiA motif (Ping et al., 2014)n
addition,mPA sites are divided into two distinct classes: WFdépendent and
WTAP-independent. WTARIependent sites are locateteimally on transcripts
while WTAP-independent sites reside in the first transcribed base as a part of

cap structur¢Schwartz et al., 2014b)

In addition to Arabidopsis FIP37, other athologues of WTAP include
Drosophila FI(2)d (Female lethal 2) and yea$Mum2 (Muddled meiosis 2)
(Zhong et al., 2008enn et al., 200&chwartz et al., 2013ProsophilaFI(2)d
regulatesSexlethal (Sx)-dependent alternative splicing (Penn et al., 2008),
which is consistent with a partial function of WTAPeletion ofFI(2)d causes

significant reduction ofm®A level and decreases the interaction between
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Drosophilalme4andMETTL14, suggestindrosophilaFl(2)d is required for

full m®A methylation and may work as a stabiliser in the complex (Lence et al.,
2016).Yeast me4, Mum2 and another crucial componérlz1 (not conserved

in mammals and plants) form yeast MTase complex (referres tineMIS
complex)(Agarwala et al., 2092 Depletion of Mim2 leadsto the loss of MA
enrichment in PA-seq (Schwartz et al., 2013yhe expression oBLZ1is
activated byME1 (a master regulator of yeast meiosis) and Slz1 facilitete$ |

and Mum2 entering the nucleus from the cytoplasm upon the induction of

meiosis (Agarwala et al., 2012; Schwartz et al., 2013; Yue et al., 2015).

1.3.4 Other Components Involved in the MTase Complex

1.3.4.1 Virilizer

In addition tothe above components of the MTasemplex, recently other
proteins that have interactions with the known components (METTLS,
METTL14 and WTAP in mammals; MTA, MTB and FIP37 Arabidopsi3

have also been discovered. Using shotgun proteomics, Horiuchi et al. (2013)
found that WTAP forms a protein complex including Virilizer I@&A1429),

Hakai RBM15 and other proteins tegulat alternative splicing and cell cycle.
Virilizer and Hakai also localise to nuclear speckles and the nucleoplasm
(Horiuchi et al., 2013)DrosophilaVirilizer is biochemically shown to interact
with FI(2)d in the context of segpecific splicing (Ortega et al., 2003). This
discovery &d Schwartz et al. (201} to focus on mammalian Virilizer among

candidates associating with MTase components in their proteomics screen.
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Around 94% epletionof Virilizer andsubsequent PA-seq in human A549 cells
reved that nfA peak scores degase by approximately four foldubstantially

and significantly more prominent than that observed upon knockdown of
METTL3 or METTL14, indicating that Virilizer is required for full@thylation
programmein mammals (Schwartz et al., 2@)4Similar toFI(2)d, Drosophila
Virilizer is required forsex determination and full %A methylation Niesseret

al., 2001; Lence et al., 201®). plants, Virilizer(AT3G0568( is also identified

as a componermf the MTase complekutlike its animal counterparts its role in

mMRNA methylation is notully understoodR Tgi | ka gt al ., 2017

1.3.4.2 Hakai

Mammalian Hakai is an E3 ubigintliyase containing RING domain, aSH2
domain (Src homology, & shortphosphotyrosineecognition sequence) and a
prolinerich domain Fujita et al., 2002Mukherjeeet al., 2012) In epithelial
cells, Hakai interacts with-Eadherin in a tyrosine phosphorylatidapendent
manner, inducing ubuitination of the Ecadherin complex. This process
promotes the endocytosis and disruptsteatkll adhesionswhich is a hallmark
of tumour progressiofFujita et al., 2002; Pece and Gutkind, 20B@ueroa et
al., 2009). In addition, Hakai caalsopromote tumdgenesis by enhancing the
RNA-binding ability of PTBassociated splicing factor (PSF) tdtRNAs that
encodecancerrelatedproteins (Figueroa et al., 2009a,b). Though Hek&und

to interact with WTAP to regulate alternative splicing anti@galle in mammals,
its involvement in the MTase complex has not been reported in mammals

(Horiuchi et al., 2018 In Arabidopsis Hakai (AT5G01160) i€o-purified with
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MTB, FIP37 and Virilizer usingsStagged Virilizeras abaiftRTgi | ka et
2017, bu its specific role in rPA modification is still unknownAdditionally,
general functions of Hakai in plants are also not clear. In contrasininal
extracellular matrix and strong cekll adhesion in mammalian epithelial cells,

all plant tissues possess their special extracellular matrix, termed cedl wall
(Seymouret al., 2004). Moreover, no cadheriglated proteins have been
discovered in plantgHulpiau andVan Roy, 2009). Thus, plant Hakai may

exhibit some distinct functions relative to its counterpart in mammals.

1.3.43 RBM15and its orthologues

Recently, another protein and its paralogue from Split End (SPEN) family in
mammald RNA binding motif protein 15 (RBM15) and RBM15B were shown
to be involved in mediating the®A methylation on the IncRNA Xnactive
specific transcriptXIST), which regulates the silencing of gene transcription on
the X chromosome during female mammalian develaoyr(featil et al., 2016).
Knockdown of RBM15 and/or RBM15B results in significantly reduced levels
of methylatedXIST. In human HEK293T cells, METTL3 is garecipitated with
RBM15 or RBM15B and knockdown of WTAP reduces their interaction.
Following formaldéyde crosslinking and immunoprecipitation, METTL3
iImmunoprecipitates contain significantly mobdST than control ones at
RBM15/15B binding sites. Moreover, knockdown of WTARBM15 and/or
RBM15B leads to significantly less METTEBound XIST, suggesting
RBM15/15B is he component of the MTasmmplex that accounts fan®A

modification inXIST (Patil et al., 2016 Additionally, knockdown of RBM15
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and RBM15B alsoeducasmPA levels in cellular mRNAindicating that RBM15

and RBM15B also participate in°A modification in mRNAs Patil et al., 2016

Likewise, the orthologue of RBM15 ibrosophila Spenito, was recently
reported as a novel componenbrbsophilam®PA MTase compleXLence et al.,
2016; Kan et al., 2017). Spenik@s shown to interact with dotme4 and FI(2)d
independently of the presence of RNEence et al., 2016)Xnockdown of
Spenito leads to a sevar€A decrease anas$s ofit results in similar splicing
defects as observed upon depletion of members in the MTase complex (Lence et
al., 2016). Cammunoprecipitation assay of°A writers inDrosophilaby Kan

et al. (2017) demonstrated that Spenito can specificaliynmunopreciptate

wih FI(2)d and METTL14 and modestlyith Ime4, which also suggests that
Spenito is a bona fide memberfosophilaMTase complex. The orthologue
of human RBM15 irArabidopsiss FPA, which harbours conserved domains as
those in RBM15, includinghreerepeated RNA acognition motifs inthe N
termiral regionand a SPENParalogOrthologConserved (SPOC) domadimthe
C-terminal region(Hornyik et al., 2010; Su et al., 2015). FPA is a component of
the autonomouspathway and controls flowering time by regulating the
expression oélterndively polyadenylated antisenB¥NAs at the locs encoding

the floral repressoFLOWERING LOCUS C(FLC) (Hornyik et al., 2010).
However, whether it is involved in mediatingAnmodification in Arabidopsis

remainsunknown.

In summary, the components of théAnMTase complex are quite conserved

across different organisms in eukaryotes. To better understand how the MTase
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complex works in catalysing $A formation, we need to know how the
compaments of this complex interact with each other. The interactions between
different components have been elucidated to some extent in mammals, but the

interactions of plant counterparts remain a mystery.

1.4 DEMETHYLASE (m°A ERASERS)

The discovery ohuman fat mass and obes#gsociated protei(FTO) as the

first m°A demethylase (also known aA erasers) in 2011 was a key advance
that reignited r eseamiAbielogs(diaetah 0dl).est i
This discovery also revealeth®A as a reversible and dynamic mRNA
modification, which is similar tdNA and histone modificationd-u Y et al.,

2014).

The original function of FTO is associated with human body mass index and
energy homeostasis (Dina et al., 2007; Frayling et al., 2@@rexpression of
FTO leads to increased foddtake and obesity whereas inactivationFafO
protectshuman bodies againgbesity Fischeret al., 2009; Church et al., 2010).
FTO is a member of nomeme Fe(ll a n d-ketbblutarate (KGHependent
dioxygenase AIkB superfamily proteir(Sia et al., 2011). Previous studies show
that FTO is able to catalyseidative demethylation of-Bhethylthymine (3meT)

in singlestranded DNAs and-Bethyluracil (3meU) in singlestranded RNAs
(Gerkenet al.,2007 Jia etal., 2008) Moreover, slightly higher demethylation
efficiency insinglestranded RNAsuggests thahethylated RNAs are preferred

substrates for FT@Jia et al., 2008)Therefore, Jia et al. (2011) proposed that
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mPA might also be a substrate of FTO. Imegment with their hypothesis, FTO
cancatalyseoxidative demethylation of #A in an Fe(ll} a n dKGldlependent
mannerin vitro (Jiaet al, 2011).FTO knockdown by siRNA kdsto increased
amounts of rPA in mMRNA whereas overexpressionffO resulsin decreased
mPA level in human cells (Jia et al., 201)direct immunofluorescence analysis

of endogenous FTO shathatFTO partiallyco-localises with nuclear speckles,
supportingthat nfA in nuclear RNA is a substrate of FT{Qiaet al, 2011).
While investigating FT@lependent demethylation, two intermediatesre
discoveredi NO®-hydroxymethyladenosine (H#) and N°-formyladenosine
(f8A), which form in a stepwise manner, but the functional implications of these

two intermediates are still unknowhRu et al, 2013).

In 2013, Hess et al. (2013) confirmed that FTO can act a®Ardemethylase
in vivo. However, their MeRIReq data demonstrate that over 5,000 mé
peaks appear in the mRNAs of over 1,500 genes #di@-deficient mice,
indicating FTO does not globally target all %-modified mRNAs but instead
demethylates specific mMRNA subsets (Hess et al., 2013, &tesBrining,
2014). A recent study showed th&fiAm is also demethylated by FTO and FTO
preferentially demethylates %wm rather than A, reducing the stability of

mPAm mRNAs (Mauer et al., 2017).

ALKBHS5 is anotherreportedmammalian demethylase, which is primaiy
localised with nuclear speckles and affects mRNA export and RNA metabolism
(Zhenget al, 2013. Alkbh5deficiency caussincreasedn®A level and impaired

spermatogenesis in mice (Zheegd., 2013. Unlike FTO, ALKBH5 directly
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reverses A to adenosine with no detected intermediates YFet al, 2014;

Yue et al, 2015. Given that FTO and ALKBH5 have diverse intracellular
localisation and tissue distribution (FTO is also found in the cytosol and it is
highly abundant in the brain and adipose tissue wherasBH5 is
predominantly expressed in testes), they may act oerdift sets of transcripts
(Maity and Das, 2016). To date, no FTO orthologues have been characterised in
plants Robbenst al., 2008; Jia et al., 2013). Phylogenetic analysis has predicted
13 ALKBH family proteins in Arabidopsis which demonstrate diverse
subcellular localisationgMielecki et al., 2012). Recently, twérabidopsis
ALKBH proteinsi ALKBH9B and ALKBH10B, have been characterised as
plantm®A demethylases. ALKBH9B catalyses the demethylation®¥f present

in viral genomes and affectsrus infection while the demethylation activity of
ALKBH10 stabilises key floweringelated genes thereby promoting
Arabidopsisfloral transition (Duan et al., 201KartinezPérezet al., 2017). In

addition, distinctn®A demethylases may exist in plants.

1.5 m®A RECOGNITION PROTEINS ( m°A READERS)

While mPA methylases and demethylases dynamically regutéfeformation,

RNA binding proteins that recogniséM(termed niA readers) are thought to

decide the fate of A\ methylated mRNAs (Yue et al., 201Burgess et al.,

2016).
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1.5.1 YTH Domain Proteins

In 2012, an RNA affinity chromatography approach using a methylated RNA
bait and a control one followed by mass spectrometry identified two YTH
(YT521-B homology)domainfamily proteins, YTHDF2 and YTHDFE&s novel

mPA binding proteins (Dominissini et al., 2012). The YTH domain was initially
found by searching homologues of human splicing factor Y5 23toilov et

al., 2002). It contains 16050 amino aid residues and is typical feukaryotes

and parttularly abundant irplants (Stoilov et al., 2002) Structural analysis
demonstrates that the YTH domain is predicted to comfoiged hel i ces
six b strandswith the conservatiom f ar omat i ¢ r e standsu e s
which is reminiscent oftructures of RNA recognition motif (RRM) and other
RNA binding motifs (Zhang Z et al., 201)hus, the YTH domain is regarded

as a novel RNA binding domain. To datieve YTH domain proteins i
cytoplasmic YTHDHR-3 and nuclear YTHDC1 and YTHDCh®ave been

identified as mammaliam®A readergXu et al.,2014)

Functions of these five human YTH domain proteins have been characterised in
recent yearsYTHDF2 recognisesm®A core consensus motif tAC and
regulates mMRNA degradation by transferring bound mRNA from the translatable
pool to mMRNA decay site@Vang Xet al, 2014) In contrast,Y THDF1 also

binds to niA-modified mRNAs, but it promotes mRNA translation by
interacting with translation initiain factors(Wang et al.,2015). YTHDC1
localises in a novel subnuclear domain, termed YT bodies (Nayler et al., 2000).

It alsoselectively binds tan®A-containing RNAsand the top binding motif of
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YTHDC1 is GG(MA)C (Xu et al.,2014. YTHDCL1 plays a primary role in
mediating splicing (Xiao et al., 2016). Recently, functions of another two human
YTH domain proteins (YTHDF3 and YTHDC2) have been elucidated. On the
one hand, YTHDF3 acts in concert with YTHDFL1 to promote translation,rbut o
the other hand, it affects mMRNA decay mediated through YTHDF2 (Shi et al.,
2017). Similarly, YTHDC2selectively binds fA at its consensus motif. It
enhances the translation ei@incy of its targets and also decreases their mRNA
abundancgwith critical functions in spermatogenesgidsu et al., 2017). Diverse
and overlapping functions of the five human YTH domain proteins indicate that
they work cooperatively to mediate mMRNA metabolism and simultaneously they
have their specific roles due to distinctseqce characteristics (Hsu et al., 2017;

Shi et al., 2017).

Yeast methylated RNAinding protein 1 (NRB1, also known as Ydr374c,
Pho93, the homologue of human YTHDFB the only protein possessing the
YTH domain andeported as am®A recognitionproteinin yeast(Schwartzet
al., 2013 Kang et al., 2014 MRBL1is expressed in a meiosspecific manner,
which is consistent with the meiosisstricted methylation, and deletion of
MRBL1 leadsto defects in meiotic progression (Schwaelz al, 2013). A
structural and biochemical study usidggosaccharomyces rouxa@lucidates
how m®A modification is being recognised by MRB1. MRB1 forms a complex
with a heptaribonucleotideand he nfA modification is recognizedand
sandwichedby anaromatic cageMutations of YTH domain residuesihe RNA
binding site can abolish the formation of the comgllexo and Tong, 2014).

DrosophilaYTH domain protein, YT52:B, is confirmed to bindn®A and is
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involved inm®A-depedent splicing in sex determination (Lence et al., 2016; Kan

et al., 2017).

While there are five proteins containing the YTH domain in human cells, there
are 13predictedproteins possessing the YTH domainArmabidopsisand 12
predicted YTH domain proteins in ri¢ki et al., 2014) One ArabidopsisYTH
domain protein has been tested and itlwad to singlestranded RNAin vitro

(Li et al., 2014) Both Arabidopsisand rice YTH domain proteins demonstrate
diverse tissue and developmerdpecific expression patternspening the
possibility for complex postranscriptional gene regulatory mechaniginiset

al., 2014;Fray and Simpson, 20L50ne relatively well characterisedTH
domain protein inArabidopsisis the orthologue othe 3GkD subunit of the
mammalian Cleavage and Polyadenylation Specificity Facto{C3SF30,
AT1G30460) Fray and Simpson, 201L5It is an RNA binding protein and is
required for polyadenylation andeéhdformation Oelaneyet al.,2006;Thomas

et al., 2012). Interestingly, the YTH domain AfabidopsisCPSF30 only
presents in its fullength transcript owing to two different alternative
polyadenylation patterns @PSF30premRNAs (Delaneyet al., 2006 Zhang

et al., 2008 However, the capacity of bindimg’A through plant YTH domain

proteins, including known CPSF30, is completely unknown so far.

1.5.2 Other Candidate nSA Readers

In addition to the YTH domain proteins, another RNiAding protein human

antigen RHuR (also known ag&LAVL1), has also been identifie apotential
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mPA recognition proteinin a pulkdown assay using am°A-containing bait
(Dominissini et al, 2012) Further analysis oHuR binding sites andn®A
deposition sites reveals thaie majority ofHUR binding sites are abod00-nt
awayfrom the mRA site,suggeshg HuR mayindirectly (through other proteins
or mRNA structure changes) @ract with nSA if it associatesvith m®A (Chen

Ketal., 2015.

Most recently, three members of the heterogeneogtearribonucleoprotein
(HNRNP) family were shown to be another setndfA readers, including
HNRNPAZ2B1 involved in mediating primary microRNA (pmiRNAS)
processing, HNRNPC and HNRNPG in recognising RNA with altered
structures by the P mark (Alarcon et al., 201&; Liu et al., 2015; 2017). In
addition, A located in the BJTR can directly bind eukaryotic initiation factor

3 (elF3) to promote camdependent translation (Meyer et al., 2015). Functions

of mPA involving these proteins are discussed in detail below in 1.6.1.

Overall, "fA metabolism is dynamically regulated iy writers (the MTase
components), erasers {fndemethylases) and reader$fmecognition proteins)
(Table 1.1). A modificationexerts its functions by affecting RNA structure,
proteinrRNA interactions or being directly recognised byAnmrecognition
proteins to induce subsequent reactions to modulate the fate of a target mMRNA
(Fu Y et al., 2014; Cao et al., 2016; Wang and Zhao, 2@isgovery of more

mPA recognition proteisawill shed new light othe understandingf dynamic

regulation andrariousfunctions of fA modification via its recognition proteins.
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Table 1.1Proteins involved in # mRNA methylation

Known interacting

Categories Organism Protein name 4 References
mM°A components
METTL3 METTL14, WTAP Bokar et al., 19941997; Liu
et al., 2014; Ping et al., 201
METTL14 METTL3, WTAP Bujnicki et al., 2002; Liu et
al., 2014; Ping et al., 2014;
Wang Y et al., 2014
Mammals WTAP METTL3, METTL14, Horiuchi et al., 2013; Liu et
Virilizer, RBM15, al., 2014; Ping et al., 2014
Hakai
Virilizer ~ Schwartz et al., 2014b
RBM15/ METTL3 Patil et al., 2016
15B
MTA FIP37 Zhong et al., 2008
MTB ~ Bujnicki et al., 2002;
. . RTgil ka et al
Arabidopsis ¢ |p37 MTA Zh-(l;ngg etal., 2008
mSA Virilizer MTB, FIP37,Hakai RTgi | ka et al
writers Hakai ~ RTgil ka et al
Ime4 METTL14, FI(2)d Hongay and OriVeaver,
2011; Kan et al., 2017
METTL14 Ime4, FI(2)d Lence et al., 2016; Kan et
al., 2017
. FI(2)d Ime4, METTL14 Lence et al., 2016; Kan et
Drosophila
al., 2017
Virilizer FI(2)d Ortega et al., 2003; Lence €
al., 2016
Spenito Ime4, METTL14, Lence et al., 2016; Kan et
Fl(2)d al., 2017
Ime4 Mum2, Slz1 Agarwala et al., 2012
Mum2 Ime4 Agarwala et al., 2012;
Yeast Schwartz et al., 2013
Slz1 Ime4, Imel Agarwala et al., 2012;
Schwartz et al., 2013
FTO ~ Jiaetal., 2011
mBA Mammals | BHs ~ Zheng et al., 2013
erasers ) . ALKBH9B ~ MartinezPérez et al., 2017
Arabidopsis w10 ~ Duan et al., 2017
YTHDF1 ~ Wang et al., 2015
YTHDF2 ~ Wang X et al.2014
YTHDF3 -~ Shi et al., 2017
YTHDC1 ~ Xu et al., 2014
5 YTHDC2 - Hsu et al., 2017
méA Mammals o
readers ELAVL1 ~ Dominissini et al., 201;2
Chen K etal., 2015
HNRNPA2B1 —~ Alarcén et al., 2015a
HNRNPC ~ Liu et al., 2015
HNRNPG ~ Liu et al., 2017
Yeast MRB1 ~ Schwartz et al., 2013

Note:i represents unknown interactions.
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1.6 FUNCTIONS OF m®A MODIFICATION

Early in the 1990s, some studies implicate® being involved in regulating
MRNA metabolism (Bokar et al., 1997). To date, matydies of proteins
involved in dynamic mRNAmM®A formation and regulation have revealed the
regulatory roles of A in RNA metabolism (including mRNA stabilitygre-
MRNA processingnuclear export, translatipiRNA structure and other types

of RNAs, etc). Consequently, affected molecular processes influence multiple

biological processes in different eukaryotic organisms.

1.6.1 Molecular Effects of fSA Modification

1.6.1.1m°A affectsmRNA stabilityand gene expression

Transcriptomewide sequencing data indicate an overall negative impant/f
modificationon mRNA stabilityandgene expressioim mammals $chwartzet

al., 2014%; Geula et al., 201%olinie et al, 2016. Consistently, kockdown of
METTL3, METTTL14 or WTAP in human cells leads to noticeably increased
expression of their PA target transcripts compared with that of all transcripts.
Additionally, the reduced global % methylationincreases the lifetime of
nascent RNA9Liu et al., 2014).Knockdown of METTL3 or METTL14 in
mouse embryonic stem cells (MESGssults in downregulation of most
pluripotency factors and upregulation of some developmental factors. Moreover,
METTL3 or METTL14 targets demonstrate increased RNA stability in

METTL3 or METTL14 knocldown cells (Wang Y, et al., 2014). Further
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analysis shows thamss of "fA methylationenhanceshe RNA binding ability

of HUR (a RNA stabiliser}o increaseRNA stability, suggestinghe presence of
mPA methylation onsome transcripts in mESCs, particlfathose encoding
developmentalegulators, blocks HuR bindirepd destabilises themmaaintain
the mESGat theirground stat (Wang VY, et al., 2014). A very recent study also
demonstrates that in both human Hela cells and mESRNAscontainingm®A
modfications have shorter halives but many of theseRNAshave increased

half-lives inmettl3knockout cells (Ke et al., 2017).

As mentioned in 1.5.1, YTHDF2 is involved in destabilisméA-containing
mRNAs.YTHDF2 binds to A through thecarboxyterminal YTH domain and
localises he recognised mRNA toellular RNA decay sitege.g., processing
bodies}through itsaminoterminal domain (Wang ¥t al, 2014).Du et al. (2016)
discovered that the degradation following the recognitiom®%-containing
MRNASs by YTHDF2 is due t¥ THDF2 recruitingthe CCR4NOT deadenylase
complexthrough a direct interaction between the YTHDR2ekninal region
and the SH domain ofie CNOT1 subuniteading to the deadenylation mfA-
containingmRNAs bytwo deadenylaseubunitsCAF1 and CCR4Thus, both
of the above two studies reveal h$WHDF?2 is involved in mRNA degradation,

albeitusing two different underlying pathways.

Collectively, nfA modifications in mammals are generally inversely correlated
with mRNA stability and gene expression but this may not be the case for some
specific transcripts. Distinct from mammalian higinoughput sequencing data,

mPA-seq in Arabidopsis demonstrates a positive correlation betweetA m
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modification and mRNA abundanceua et al., 2014). However, another study
investigating the function dkrabidopsisFIP37 in shoot stem cell development
shows that A modifications on key shoot meristem genes inversely correlate
with mRNA stability to prevent shoot meristem oyeoliferation (Shen et al.,
2016). Therefore, the contrary findings about the influence®f om mMRNA
stability and gene expression may reflect genwrite versus genspecific

effects both in mammals and plants (Wang and Zhao, 2016).

1.6.1.2mP°A affects dternative splicing

The localisation of #A-related proteins, including METTL3, METTL14,
WTAP, Virilizer, FTO and ALKBHS5, in nuclear speckles, suggests a possible
role of nfA in regulating plicing/alternative splicingBokar et al., 1997Jiaet
al., 2011; Horiuchi et al., 2013Zheng et al., 2033ing et al., 2014 Among
the nPA-related proteinsnentioned above, METTL1i reported to cdocalise
well with the premRNA splicing factor SC3%serine/arginingich splicing
factor 2 in nuclear speckle@ing et al., 2014 FTO patrtially celocalises with
not only SC35, but also other splicing or splichetated speckle factors
SART1 (U4/U6.U5tri-snRNRassociated protein 9nd RNA polymerase I
phosphorylated at Ser2 (Pol$RP)(Jia et al., 2011); BKBH5 co-localises with
splicing factors SC35, SM (Smith antigen) and ASF/&dternative splicing

factor/splicing factor 2in nuclear speckleZbeng et al., 2013

Transcriptomewide characterisation of $A modification shows that PA-

containing tramcripts tend to have more isoforms and differentially spliced
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exons and introns possess significantly moP& modifications (Dominisinni

et al., 2012). In agreement with this, the majority of mMRNAs bound by METTL3
or WTAP are derived from muitsoform gaes Ping et al., 2014 m°A
demethylase FTO also demonstrates a regulatory role in alternative splicing
(Zhao et al., 2014 Bartosovc et al., 201). FTO depletion in mousere-
adipocyte cell enhances the RNA binding ability mfeemRNA splicing factor
serine/arginingich (SR) proteirSRSF2, which may lead to increased inclusion
of target exons (Zhaet al., 2013 However, a parallel study in human cells
shows prevalent exon skipping events upon FTO knockdBaridsovc et al.,
2017). Authors of theatter study regard this opposite trend as a result of FTO
target sites bound bgifferent splicing fators depending on the celluland
mRNA context(Bartosovt et al., 201Y. Human cells depleted of a novePA
reader,HNRNPA2B1, exhibit similar alternate splicing patterns as that in
METTL3 knockdown cells Alarcon et al., 2015a As an alternative splicing
related factor, YTHDCL1 is shown to regulate splicing by promogrgn
inclusion of targeted mRNAs through facilitating SRSF3 while blocking
SRSF10 mRNA bindingind this regulation is in an %-dependent manner

(Zhang B et al., 2010; Xiao et al., 2016).

In Drosophilg three recent studies all point out tigtlis a major intronicm®A
target and A is required forfemalespecific SxI splicing (Haussmanret al.,
2016; Lence et al., 2016; Kaat al., 2017).Drosophila femalespecific SxI
splicing is affected in multiplem®A pathway mutants.In contrast,

overexpressionf YT521-B, aDrosophilam®A reader which plays an important
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role in regulatingm®A-dependensxl splicing, can induce femalspecific Sx

splicing(Kanet al., 2017).

In Arabidopsis though the orthologue @frosophilasexspecific splicing factor
FI(2)d, FIP37, has been proved to be a membéralbidopsisMTase complex,
therearenopronouncediifferences in all alternative spligy events between the

wild type (WT) and homozygoup37 mutanti fip37-4 complemented with
LECLFIP37 transgene KIP37 coding sequence driven bgmbryoespecific

LEC1 promoter) (Shen et al., 2016). However, the séip®/ mutant we are
using as that described in Shen et al. (2016) is not lethal when homozygous.
Therefore, the possible role of FIP37 and plafiA in alternaive splicing

warrants further investigation.

1.6.13 mPA affects dternativepolyadenylation

Across the plant and animal kindom®A is predominantly enriched in 3TRs,
implicating its possible role in regulating 8nd formation of transcripts. A
correlation betweem®A modification and alternative polyadenylation (APA)
comes from studies involving two recently develop€é sequencing methods

i mPA-CLIP and m°PA-LAIC-seq(Ke et al.,2015; Molinie et al., 2016). The
former sequencing data demonstrate that in human brain and liver cells,
transcripts with APA usage preferentially use distal poly(A) sites and the
simultaneous knockdown of METTL3, METTL14 and WTAP results in that
approximatey two thirds of transcripts with altered APA usage switch to

proximal poly(A) sites, suggesting some of thfAs in3' UTRs inhibit the usage
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of proximal APA sitesKe et al.,2015). In contrast, the latter study reveals that
mPA methylated transcripts tdrto be coupled with proximal APA site usage
whereas nonmethylated transcripts tend to use distal APA sites (Molinie et al.,
2016). A very recent study about the function of FTO supports the former study
(Bartosove et al., 2017). FTO knockdowoells showpronouncely higher

usage of distal APAgelative tothe control cellsindicatingFTO promoteghe

usage of proximal APAs in a subset of gefiartosovc et al., 2017). Since all

of these studies give only the global tendency of APA patterns by comparing
different sets of transcripts and the regulatory mechanisms remain undetermined,
more work needs to be carried out to reach a conclusion about the ndia of

modification in mediatig APA.

In plants, though no reported studies have investigated the correlation between
mPA and APA, it is still possible tham®A modification in plants may participate

in regulating 3end formation of transcript$-ay and Simpson, 20L5This is
becaus FPA Arabidopsishomologue of a novel member of the MTase complex

I human RBM15 an@drosophilaSpenito, is associated with APA in flowering
time control. In addition, one of the YTH domain proteinsAirabidopsis

CPSF30, plays a crucial role in cleavagel polyadenylation.

1.6.14 mPA affectsmRNA export

As a connection between pneRNA processing in the nucleus and translation
in the cytoplasm, mRNA export from the nucleus is also crucial for modulating

gene expression and protein functions (Zhao et al., 2017a). Knockdown of
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METTL3 results in a delay irhe exit of maturéer2andArntl mMRNAs (which
function in regulating the circadian clock) from the nucleus to the cytoplasm
(Fustin et al., 2013). Consistently, ALKBHtfeficient cells demonstrate
accelerated nuclear mRNA export (Zheng et al., 2013). Duactelerated
nuclear RNA export, cytoplasmic mRNA level is significantly increased in
ALKBH5 -deficient cells and only overexpression of the WIKBHS5, rather
than demethylatioimactive mutant can rescue this accelerated mRNA export
from the nucleus, suggeng ALKBH5 regulates mRNA export mainly through
its demethylation activityZheng et al., 2013Further investigation showed that
ALKBH5 co-localises with splicing factor ASF/SF2, whose phosphorylation
status facilitates nuclear mMRNA export. The knoskd@f ALKBH5 decreases
the level of ASF/SF2 in a demethylatidependent manner. Moreover,
ALKBHS5 deficiency causes SRPK1, one of the main kinasgsonsible for the
phosphorylabn of ASF/SF2, to rdocalisefrom nucleic locations taytoplasm

and only WI ALKBH5 can rescue its native nuclear localisation (Zheng et al.,
2013). In summary, studies to date in mammals suggesnfamodification

generallypromotes mRNA export from the nucleus to the cytoplasm.

1.6.15 mPA affects tanslation

Recent studies have shown tha#A modification enhances translation through
several mechanisms. Firstiy®A readery THDF1 promotesnRNA translation
by interacting with translation initiation factors (e gukaryoticinitiation factor
3, elF3) and this promotion effect is°A-dependent (Wang et al., 201%).

addition, YTHDF3 and YTHDC2 can also accelerate translatitsu (et al.,
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2017; Shi et al., 2037 Aside from translation promotion via YTH domain
proteins 5 UTR mPA canfacilitate @p-independent translation under stresses
(Meyeret al.,2015; Zhotet al.,2015. 5 UTR m°PA can directly bind elF3, which

is sufficient to recruit the 43S complex to initiate translation independently of
the cap binding protein elF4B1€yeret al.,2015. The underlying mechanism
is that stresenduced nuclearelocalisation of YTHDF2preservess' UTR
methylation of stressduced transcripts byinimisingthe nPA demethylation

by FTOand increase8 UTR m°®A enables translation initiation independgnt
of 5 cap ghou et al, 2015). Another report shows that METTL3 directly
promotes translation of oncogenes by recruiéitigto the translation initiation
complex, independently of its methyltransferase activity 88 mecognition
proteins (Lin et al.,, 2016). Interestingly, a recent study reveals that
METTL3/METTL14-mediated rPA modification and NSUN2mediated r?C
formation at the 3UTR of p21 cooperatively enhange21 mRNA translation

(Li Q et al.,2017. p21 is a universal inhibitor of cychdependenkinase and

its increased expression contributes to the growth arrest under stigesgset

al., 1993 Li Q et al.,2017. The enhanced translation of p21 mediatednf#
andm°C modifications consequently promateidative stressnduced cellular
senesence(Li Q et al.,2017). Taken togethetthese above studiesdicatethat
mPA modification promotes mRNA translation in mammals, though it is not
clear whether or how these mechanisms coexist in human cells (Wang and Zhao,
2016). In yeast, there is also a positive correlation between the presenfiée of

and mRNA translation efficiency (Bodi at, 2015).
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1.6.16 mPA modulateRNA structure

Early in 2005, a hypothesis was put forward that RNA secondary structure may
affect efficientm®A formation andm®A sites may lie within the loop of a stem
loop structure (Bokar, 2005). Secondary structure strength assaynfgirgeq
data in yeast reveals thatethylated sitesare significantly less structured
(Schwartzet al., 2013). Two structural studies bath vitro and in vivo
demonstrate that RNA structures containinfg. modification tend to be single
stranded andn®A sites in RNA duplexes may destabilise the local structure
(Roost et al., 2015; Spitale et al., 2D1BurthermoremPA modification may
trigger conformation changes becaube methyl groumf m°A must rotate to
the major groove of the paired helix to fit into the local conformatirtwoét et
al., 2015) Zou et al. (2016) showed thafA itself serves as aconformational
marken, which inducedlifferentconformational outcomes in RNAkepending
onthesequence contexAs a consequence, this alloméA recognition proteins,
e.g., FTO and ALKBHS5, to distinguism®A from other substrates with similar
nucleotide sequences (Zou et al., 2016). Amesapport for the role of®A in
altering the RNA structure and further affecting Rigdtein interactions come
from two studies about HNRNPs that are responsible feniR&IA processing
(Liu et al., 2015, 2017)m°A alters the RNA structure and increagbs
accessibility of RNA binding motifs nearby (term#éte nPA-switch), which
facilitates the binding oHINRNPC andHNRNPG to m®A-methylated RNA
targets (Liu et al., 2015, 2017). Additionally, the RIgfotein interactions
regulated througkthe nPA-switch affect the expression and alternative splicing

patterns of target mMRNAs (Liu et al., 2015, 2017). OveraiA can not only
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remodel the RNA structure and conformation, but can also function as a switch

to affect RNAprotein interactions.

1.6.17 m°PAin mRNAsifluence other types of RNAs

As bothmPA and microRNA (miRNA) target sites are enriched 'iVBRs, it is
possible thamPA influences the function of microRNA amice versaMeyer

et al., 2012). The first MeRiBeq data revealdtiat67% of mPA-containing 3
UTRsalso contain at least one predictedRiKA-binding site, whilst most highly
expressed miRNAs have a sifigantly greater percentage tdrget transcripts
that contain A (Meyer et al., 2012). Ke et al. (2015) also discovaredverlap
of m°A sites with Agonaute protein binding siias3 UTRs. Argonaute proteins
are key players in genrsilencing pathways guided by small RNAs including
mMiRNAs (Hock and Meister, 20Q08Hutvagnerand Simard 2008). Consistent
with these transgitomewide sequencing data, in METTL3 or METTL14
knockdown mESG, a miRNA target,Ilgfbp, demonstrates a significantly
decreased binding by argonalgAgo2) a key factor of the RNAnduced
silencing compleXWang Y et al., 2014)Alarcon et al. (2015a,b) discovered a
machinery wherebymPA influences the processing of fniRNAs. The
processing opri-miRNAs starts with the recognition of thgnction between the
stem and th8anking singlestranded RNA othe primiRNA hairpin bya RNA-
binding protein DGCR8 METTL3-dependentmPA modification on pri-
miRNAs acts like a marker to allow for the effective recognitiop@miRNAS
by DGCRS8 to promotehe initiation of miRNA biogenesigAlarcon et al.,

2015b). Their further investigation showsat a nuclear RNAinding protein
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HNRNPAZ2B1 functions as armPA reader to recognisen®A-marked pri-
miRNAs and interacts with DGCR8 as well to facilitate this procéssr¢on et
al., 2015a). Similarly, METTL14 is reported to enhance the processing-of pri
MiRNA 126 by facilitating the recognition and binding of DGCR8 terpiRNA

126 (Ma et al., 2017).

Consistent with the hypothesis by Meyer et al. (2012), Chen T et al. (2015)
uncovered a rol®f miRNAs in regulatingm®A formation in mRNAs. They
found thatm®A peaks are enriched at miRNA target sites and an endonuclease
responsible for miRNA maturation, Dicer, participates in regulating the
formation of m®A. Though Dicer has no direct interaction with METTL3, it

regulateghe binding of METTL3 to mRNAs (Chen T et al., 2015).

Apart from miRNAs,m°A has also been shown to regulate functions of other
types of RNAs, including IncRNAs and tRNAs. In human cdéisRNA XIST

is highly methylatedand knockdown ofm®A writer proktins METTL3 or
RBM15/15B impairs the gene silencing mediatecKyTon the Xchromosome
Moreover, YTHDC1 is required for the recognition ofA on XIST and the
normal function of XIST (Patil et al., 2016).Though in mammal nfA
modification is implicatedn promoting mRNA export and translation the
case ofXIST, it is likely that other chemical modifications and/or RNA binding
proteins prevent its export from the nucle&éfsing an Escherichia coli
translation systemChoi et al. (2016) found tham®A modification of MRNA
acts as a barrier to tRNA accommodation and translation elonghgion

perturbing the interaction between a neaygnate codon and tRNAVery
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recently,m®A has also been shown to existircular RNAs(circRNAs) (Zhou
et al., 2017)mPA modification incircRNAs and mRNAs share the saméA
writers (METTL3 and METTL14) and®A readers (YTHDF1 and YTHDF2).
In addition,m®A-containingcircRNAs maybe associated witmRNA stability
mediatedby YTHDF2 due to the discovery that ®f-containing mRNAs
encoded byhe parent genes offi-containingcircRNAs have shorter halives

among all MA-modifiedmRNAs (Zhou et al., 2017)

1.6.2 Biological Consequences of% Modification

1.6.2.1 Viabilityand reproductie development

Functional analysis of proteins relevanti®A formation and regulation reveals
that mPA is crucial for viability and reproductive developmetros diverse
species in eukaryotesoss of METTL3 inhumancells leadsto apoptosisand
complete knockout dETTL3 in mice is lethalBokar, 2005 Dominissini et
al., 2012; Liu et al., 2014; Geula et al., 2pMutation of the catalytic residue
of Imed leadsto several sporulation defedts yeast(Clancy et al., 2002; Bodi
et al.,, 2010).In Arabidopsis MTA expression is strongly associated with
dividing tissues, particularly reproductive organs, shoot meristems, and
emerging lateral root$nactivation ofArabidopsiSsMTA resulsin failure of the
developing embryo to progress past the globular stégenget al., 2008. In
Drosophila DmImedis expressed in ovaries and testes drellethality caused
by loss of this genean be fully rescued by a wiltiype transgenic copy @m

Ime4(Hongay and OriVeaver, 201}, though thregecent papers report that
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Drosophilalacking Ime4 can survive but demonstrates multiple developmental
and behavioural defects, such as flightless and affected locomidaosgmann

et al., 2016]_enceet al., 2016; Kan et al., 2017).

Likewise, deficiency ofmPA-related proteins eept for METTL3 and its
orthologues also results in viability or reproductive defects. Knockdown of
METTL14 or WTAP also leadsto cell deathin human Hela cells (Liu et al.,
2014). The los®f-function of MTB, FIP37 and Virilizer idrabidopsisare also
embryonic lethal (Vespa et al., 2004; Bodietal.,2®RZ gi | ka gh al
Drosophila although knockout of Ime4 is now found not to be lethal, the loss of
othermPA writer components related to splicing, including FI(2)d, Virilizer and
Spenito, is éthal (Kan et al., 2017). In addition, ALKBH5 is found to be
associated with male fertility in micALKBH5 mRNA shows the highest
expression in testes and mice deficient in ALKBH5 have noticeably smaller
testes and demonstrate compromispdrmatogenesiZheng et al., 2013)n
zebrafish,mPA maodification is required for its materat-zygotic transition
wherein maternal mMRNAs marked with®A modification are recognised by
YTHDF2 and this facilitates the clearance of methylated maternal mMRNAs and

the adivation of zygotic transcripts (Zhao et al., 2017b).

1.6.2.2 Embryonic stem cell development

Recent studies propadethat m°A modification is also involved in ESC
development and somatic cell reprogramming (Batista et al., 2014; Wang Y et

al., 2014Aqguilo et al., 2015; Chen T et al., 2015; Geula et al., 2015). The ESCs
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reside in a Anapveo pluripotent state
from the posimplantation epiblast, resemble an advanced developmental stage,
whi ch ar e difprentiatioe (Géulafetaalk, 2015). The transition from

naive pluripotency to differentiation is precisely regulated by a number of
pluripotency markers and developmental factors (Yue et al., 2015). Knockdown

of METTL3 or METTL14 in mESCs leads to los$ selfrenewal capability

(Wang Y et al., 2014). Consistently, inhibition mfA formation by knocking

down METTL3 expression hinders the reprogramming of mouse embryonic
fibroblasts (MEFs) while overexpression OMETTL3 promotes the
reprogramming efficiecy (Chen T et al., 2015However, some other studies

have reached contrary conclusions with regard to the regulatory noi@Aah

stem cell development. Batista et al. (2014) and Geula et al. (2015¢cstiaw
complete knockout of METTL3 in mESCs casghe disruption of priming and

di fferentiati on c ap anaivelpluripotentstatel (Bdtistaa d s t
etal., 2014; Geula et al., 2015). Similarly, knockdown of METTL3 or METTL14

in human glioblastoma stem cell (GSC) promotes GSC growthedfrceaewal

(Cui et al.,, 2017). The mechanistic differences underlying the condict
phenotypes are that Wangbés data show t
highly enriched inm°A methylation than the pluripotency factors amabst
pluripotencyfactors are downregulated whereas some developmental regulators
are significantly upregulated upon METTL3 or METTL14 knockdown (Wang

Y et al., 2014); however, the study by Geula et al. (2015) demossthate
opposite tendency: 80% of naive pluripoteqpeygmoting genes are modified

with mPA and knockout of METTL3 results in increased transcript level of

pluripotencypromoting genes.
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Recent studies show that the chromatssociated zinc finger protein 217
(ZFP217) and miRNAs regulate®A modification in the pluripotency of ESCs
and somatic cell reprogramming (Aguilo et al.,, 2015; Chen T et al., 2015).
ZFP217 positively regulates ESC transcriptome and prevketethylation of

the core pluripotency and reprogramming factors by sequestering METTL3
(Aguilo e al., 2015). miRNAs regulate the activity of METTL3 by modulating
its binding to mRNAs and increaseth®A abundance promotes the
reprogramming of MEFs to pluripotent stem celBhen T et al.,, 2015).
Collectively, n"fA modification is required for weliuned stem cell development

in mammals.

As mentioned earlier, $A modification in plants is also essential for embryo
development because homozygous knockout of MTA, WHIB37or Virilizer

in Arabidopsiss embryamic lethal (Vespa et al., 200Zhong et al.2008 Bodi
etal.,2012RTgi | k a p $henzetal. (201& furth@r revedthat FIP37
dependent fA modification prevents the owgroliferation of shoot meristem

by confining the expression of two key shoot apical meristem regulators,

WUSCHEL(WUS) andSHOOTMERISTEMLESSTM.

1.6.2.3 Other growth and development processes

In addition to biological processes mentioned abav# modification is also
required for other growth and development procesBesmammals, PA
modification isshownto be involved in controlling the circadian period, which

is crucial for regulating many biological processes (Fustin et al., 2013). Silencing
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of human METTLS3 causes circadian period elongation, mainly because of RNA
processing delay (Fustin et al., 20118)addition m®A modification is involved
in the mediation of human health and diseases, particularly cancer cell
development. As an obesitglated protein, FT@ependenin®A demethylation
is crucial for preadipocyte differentiation by controlling thpligng of
adipogenic regulatory factor RUNX1T1 during adipogenesis (Zhao et al., 2014.
Zhang et al., 2015). Moreover, FTO is also required for neurogenesis and its

deficiency leads to impaired learning and memory (Li L et al., 2017).

Recently, increasily more papers have reported the correlationm5a
modification with cancer For example, decreasedm®A modification by
knocking downMETTL3 or METTL14 promotes humaglioblastoma stem cell
(GSC) growth, seffenewal, and tumorigenesighile inhibition of FTO or
ALKBH5 suppresses the proliferation of GS@u{ et al., 2017; Zhang et al.,
2017); In hepatocellular carcinomahe expression oMETTL14 is down
regulatedand mPA modificationis decreasedh metastatic tumors compared
with nonmetastatic tumordMa et al., 2017)|n acute myeloid leukemj&TO
enhances leukemic oncogemediated cell transformation afelikemogenesis
(Li Z et al., 2017)Knockdown ofALKBH5 expression in human breast cancer
cells significantly reducetheir capacityfor tumor initiation as a result of
reduced numbers bireast cancer stem ce{lBhang et al., 2016). To summarise
the findings in the above studies, the presencembA suppresses the
proliferation of cancerelated stem cells toreduce their capacity for
tumorigenesis. Therefora)®’A methylation machinerfas been proposed to be

a promisingnew therapeutic target for multiple kinds of cancers.
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In Drosophila the mostimportant biological function om®A modificationis
that it isessential for sex determinativia affectingfemalespecificSxIsplicing
(Haussmann et al., 2016; Lence et al., 2016; Kan et al., 201a0dition,m°A
and the expression of its writeomponents are enriched etnervous system
(Lence et al., 2016 Moreover, A also participates in modulating adult
behaviours due to the observationdimsophilamPA writer mutantsreduced
lifespan,unable to fly,strongly compromised for negatigeotaxisand mildly

held-out wings(Lence et al., 2016; Kan et al., 2017).

In Arabidopsis the lethality in homozygoustamutant can be rescued MTA
cDNA underthe embryaspecificABI3 promoter, which gives rise to suruig
plans with reducedm®A at the mature stage (termed ABI3AG in this study)
(Bodi et al., 2012). The ABI3A6 line demonstrates multiple developmental
defects, including crinkled and bushy rosette leaves, shorter inflorescence
internode lengths andbnormal flower architectureelaive to the wild type
(Bodi et al., 2012). InArabidopsis roots, MTA promoteractivated GUS
expression is primarily located in the lateral root initiation sif#®g et al.,
2008, indicating thaim®A may be involved in regulating plant auxin response,
because auxin is a key signal during lateral root initiation (Casimiro et al., 2003).
However, the underlying mechanism ofArin affecting lateral root formation

remains unknown.
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1.6.2.4 Stress response

m°A modificationis also suggested to be involved in stress resgoiaast
meiosis and sporulation only occurs in the diploid under nutritional starvation
andmPA modificationin yeast is confined to the meiosis proceé&snjamotoet

al., 1996 Bodi et al.,, 2010;Schwart et al, 2013, indicating the positive
correlation ofm®A with the response to nutrient deficiency in yeast. Bodi et all.
(2015) revealed thanRNA methylation is enriched in transcripts occupying
monosomal and polysoméiactions during meiosis induced Istarvation In
Arabidopsis RNA-seq of the lowmPA line ABI3A6 demonstrates that most of

the upregulated genes are involved in stress and stimulus responses, suggesting

a role ofm®A in proper responses to stresses and stimuli (Bodi et al., 2012).

In mammals, the regulatory role mfA has been reported under several stress
conditions. Whileinvestigaing the transcriptomewide deposition oim®A in
glioblastoma stem cell$Gene Ontologyanalysisshows thaimPA-methylated
MRNAs aranvolved inDNA damageaesponse and cellular stress respg@se

et al. 2017). A very recent study did show a positive role% in the UV-
induced DNA damage response, involving immediate localisation of METTL3
to the damage sites and the recruitment of polymesase METTL3 in the
subsequent nucleotide excision repair (Xiang et al., 2017). In response to heat
shock stresan®A in the 5 UTR promotes the translation of its target mRNAs,
e.g.,Hsp70(Meyer et al.,2015; Zhouet al.,2015. Similarly, m°A and m°C
function in concert to accelerafl translationin oxidative stressnduced

cellular senescencii Q et al., 2017).In hypoxic breastcancerstem ells,
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ALKBH5-dependent meA demethylation enhances the expression of
pluripotencypromoting geneNanogand promotes the enrichment ofebst
cancerstem ells (Zhang et al., 2016). Aside from abiotic stressesptielevel
demonstrates a dramatic increase during -HIVhfection in human cells,
suggesting ®A modification is required for HIVL replication(Lichinchi et al.,

2016). In generaln®A modification increases under multiple stresses, which is
important for appropriate responses to stresses. However, it remains unclear
whetherm®A plays a positive role in stress respa@seit is a consequence of

stress reactions.

1.7 PERSPECTIVES

In the past decade, emerging rolesnrSA mRNA modification participating in
multiple molecular and biological processes have been proposed or verified,
particularly in mammals. However, the underlying machineries remain poorly
understood. In addition, it is not clear that phenotypes related to rehiéed
modification directly result froma lack of methylation or arendirect
consequences of other intermediary componékitgsity and Das, 2016 In
mammals, there are several conflicting and contradictory conclusions regarding
functions ofm°A modification. These warrant further investigations to clarify
the discrepancies. Nevertheles® achievements in studies of mammaiifA
modification provide some clues for studying the function of this RNA
modification in plants: (1Lomponents of the MTase coraplother than MTA,
especially MTB, Virilizer andHakai, should be well characterised. (2) The

interactions between different members of the MTase complex need to be
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assayed to better understand howntfi& writer complex catalyse the formation
of m°A. (3) Arabidopsispossesses 13 proteins containingYTH domain but
their correlation witrm®A modificationremainspoorly understoodMoreover,
moremPA demethylases and newPAarecognition proteins should be identified
to further understand this dynamic RM#odification.(4) Specific roles ofm®A
modification in plantdifferentiationshould not be neglected, suchpagential

functions inregulatingroot development.

1.8 AIMS OF THE PROJECT

The aim of this projectis to analysethe function of Hakaand nteractions

betweerdifferent componentsvolvedin the MTase compleand todissect the

biological functions of PA in plantsusing low nfA plants focusing ortherole

of mPA in root development.
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CHAPTER 2 GENERAL MATERIALS AND METHODS

2.1 PLANT MATERIALS AND GROWTH CONDITIONS

Plant materials used in this study wekeabidopsis(ecotype Colombi®),
including WT, T-DNA insertion mutants and oth&mansgenic lines. Details of
transgenic lines used in this study sted in Table2.1. Arabidopsisseedsvere
cultured on plates or on compost depending upon the intended subsgspient
Arabidopsisseedsplanted on platesvere sterilised by soaking ib% (v/v)
NaClO for 4 min andhenwashed with sterile water for 5 times before being
planted on MSr 1/2 MSplates. Plates were put in the cold room (4°C, dark)
for 2 days and then kem the tissue culture room (16 h light/ 8 h dark, 22°C)
until usedFor seedsowndirectly on compost, they wegeown in thephytotron

(16 h lightB h dark, 22°Qay/18C night).
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Table 2.1 Preexisting transgenic and mutafstabidopsidines used in this study

Line name Description Source
SALK_ 109428 T-DNA inserted inthe5 Nj U THBkaio f NASC
gemonic DNA
SALK_ 148797 T-DNA inserted inthe5 Nj U THBkaio f NASC
gemonic DNA
GK-259E01 T-DNA inserted inthe5 Nj U THBkaio f NASC
gemonic DNA
GK-217A12 T-DNA inserted in intron 1 oHakaigemonic KamilR T ¢ iGlgrloun
DNA (Masaryk University)
(RT g iekat,2017)
ABI3A6 SALK 074069 with TDNA insertedinexon4 Rupert Fr a:

of MTA genomic DNA anccomplemented
with MTA coding sequence driven B\BI3
promoter(ABI3::MTA). Low nfA line.

fip37 SALK_ 018636 withT-DNA inserted in intron
7 of FIP37 genomic DNA Hypomorphic
mutant with verydw nfA level

virilizer G to A mutation at the beginning of intr&rof
Virilizer genomic DNA, which disrupts its
correct .Hypimapghit mutant with
very low nfA level.

MTA-GFP SALK_114710 with TDNA inserted in exon 6
of MTA genomic DNA and complemented
with MTA coding sequence under its own
promoter, with GFP tag downstream

MTA-GFP/WT  MTA coding sequence under its own promot
in WT background, with GFP tag downstreat

MTB-GFP MTB genomic DNA under its own promoter
mtb mutant backgroundvith GFP tag
downstream

Virilizer-GFP virilizer complemented witlirilizer genomic
DNA under its own promoter, with GFP tag
between them

cyclin B1 GUSactivated byCycB1;1promoter. A
(CycB);1::GUS marker line for active cell division.

ABI3A6x ABI3AG6 crossed witiCycB1;1:GUS
CycB1;1.GUS

AUX1-YFP auxlcomplemented withUX1genomic DNA

under its own promoter and tagged with YFF
DR5:VENUS VENUSreporter driven bypR5promoter, to
mark transcriptional auxin response sites.

DII-VENUS A fusion of the auxirdependent degradation
domain Ilof an Aux/IAA protein to \ENUS
fluorescenprotein to check the auxin
accumulation.

(Bodi et al., 2012)

KamilR T ¢ iGlghowp
(Masaryk University)
(RT §iekat,£2017)
KamilR T ¢ iGlghowp
(Masaryk University)
(RT ¢ iekdk,2017)

Rupert Fr a:

Rupert Fr a:

Rupert Fr a:

Kamil R T ¢ iGslgroup
(Masaryk University)
(RT ¢ iekdk,2017)
Ranjan Swarufs group
(Casimiroet al., 2001)
Rupert s@oup

Ranjan Swarufs group
(Swarup et al., 2004)
Malcolm J. Bennett s
group (Band et al.,
2012;Brunoudet al.,
2012)

Malcolm J. Bennett s
group (Band et al.,
2012;Brunoudet al.,
2012)
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2.2 GENOMIC DNA EXTRATION

DNA samples used for screening were extracted using Edwards (20@emM
Tris-HCI pH 7.5, 250 mM NacCl, 26:M EDTA and 0.5% [w/vEodium dodecyl
sulfate [SDS]). The specific protocol is as follows. Plant tissues in a 2 ml
Eppendorf tube were ground with the pellet pestle Lid@® Edwards buffer was
added and mixed by vortexing for 1 min. Tubes were centuifag&4,000 rpm

for 10 min and supernatants were transferred into new tubes. The same volume
of isopropanol was added and mixed by inverting the tube 5 times. The mixture
wasprecipitatedat-20°C overnight. Next day, tubes were centrifuged4000
romfor 10 min and supernatants were discarded. The pellets were washed with
70% (viv) ethanol. After discarding 70% (v/v) ethanol, the tubes were
centrifuged again and the residual ethanol was removed by pipetting. After
drying the pellets for 3 min using actaum pump, the pellets were resuspended

in 30l of sterile water. After mixing by pipetting, the mixture was centrifuged
and the liquid was transferred to a new tube. 1:30 dilution of this extract was
used for PCR reaction. When needed, fpghity DNAs were extracted using
GenElutePlant Genomic DNA Miniprep Kit (Sigmaldrich) according to the

manufacturerds instructions.

2.3 GENERAL PCR REAGENTS AND PROGRAMMES

Generally, PCR reagents were prepdganixing 1 ng- 1 g template 1 eM
forward primer1 eM reverse prime0.2mM dNTPs 1x Q5 reaction buffeand

0.2 U Q5® High-Fidelity DNA PolymeraséNew England Bibabs NEB)in a
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final volume of 20sl. For a 50¢l reaction volume, 0.5 Q5° High-Fidelity
DNA Polymerasewas used.PCR programme was sets follows. Initial
denaturing: 94C 5 min; denaturing: 94 30 s; annealing: 38, temperature
depends on Tm values of primers; extensiofiC7/#me depends on the size of

PCR product; 35 cycles; final extension°@2% min.

2.4 GENOTYPING PCR

Original Arabidopsis mutant lines with IDNA insertions andcrossing
progenies othesdineswere screened by genotypiR€R Three primers were
used, with one on the-DNA sequencédLeft border primeion the insertedT-

DNA, LB) and two flanking the instad T-DNA on the genomic DNA sequence
(Left primer, LP and right primer, RRFigure 2.R). Becausethe insertedT-

DNA sequence is too large (> 3,000 bp and sometimes more than one inserted
copy) to be amplified under normal PCR conditions, thiisreshould be no

band using LP and RP and a correct band using LB and RP for a homozygous
line when checking on the gethereas a heterozygous line shows bands for both
PCR reactions and WT samples only show bands ustrand RRFigure 2.1b)

Details of allprimers used in this studyelisted in Appendix 1.
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b WT Heter Homo M WT Heter Homo

Figure 2.1 Schematic showing primer locations in genotyping R@Rand expected
results for different linesn the agarose gdd). (a) shows an example where the inserted
T-DNA is in the same direction as that of the forward DNA str&ud.left primeron
genomic DNA RP: right primeron genomic DNA LB: left border primer on the
inserted TDNA; WT: the wild type; Heter: heterozygous lidomo: homozygous line;

M: HyperLadder 1kiBioline).

2.5 PCR PRODUCT PURIFICATION

For cloning and sequencing, PCR products were purified by gel excision. The
excised gel band was put into a 0.5 ml Eppendorf tube, which was prepared in
advance by making hole at the bottom with a needle and placing a piece of soft
filter paper to block the hole. After snéygezing in the liquid nitrogen, the 0.5

ml tube was put into a 1.5 ml Eppendorf tube and centrifugéd,@00 rpnfor

15 min. The flowthrough was transferred into a new 1.5 ml tube every 5 min.
After centrifuging, 5¢l of Dextran (10 mgnl?) and 3 volumes of absolute

ethanol were added and mixed by vortexing. After precipitatior2@iC
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overnight, the mixture wasentrifuged and the DNA pellet was washed with 70%
(v/v) ethanol. After washing and drying, the DNA pellet was dissolved &l 10

or less volume of sterile water and kept2f’C until use.

2.6 CLONING OF PCR PRODUCT

Amplified PCR products were cloned to Gateway entry vectors to generate

constructs needed. A detailed protocol can be fould3ifa

2. 7TRANSFORMING COMPETENT ESCHERICHIA COLI CELLS

Cloning reactions were transformed to compekentoli cells as follows. (1) 10

el (or less, depending on the reaction voluwfdhe cloning reaction was added

to a vial of chemically competeii. coli cells (DH3J or TOP10)and mixed
gently. (2) The mixture washcubatéd on ice for 30 min anthenheatshocled

for 90 seconds at 42°G3) The vial was immediately transferred onto ice and
kept in ice for 3 min. (4) 706l of liquid LB medium was added into the vial

and the mixture was transferred into a 1.5 ml Eppendorf tube. (5) The tube was
incubated in a 3T shaker (200 rpm) for 1 h and 30 min. (6) 0r more
(depending on the transformation efficiency)eofcoli culture was spread on a
solid LB plate containing the appropriate antibiotic. (7) The plate was incubated

upside down at 3T overnight.
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2.8 PLASMID DNA EXTRACTION

PlasmidDNA was prepared according to t
(GeneJET Plasmid Miniprep KiTthermo Scientific). (1) 10 mdf E. coliculture

in liquid LB mediawas centrifuged &t4,000 rprfor 10 min. (2) The liquid was
discarded and the pelleted cells were resuspend&Dipl of the Resuspension
Solution (3) 250 W of the Lysis Solutiorwas adde@nd mixedthoroughly by
inverting the tubel-6 times until the solutiobecameslightly clear (4) 350 W

of the Neutralization Solutiowas addednd mixed immediately and thoroughly

by inverting the tube -6 times (5) The tube was centrifuged 4,000 rpnfor

10 min. (6) The supernatantvas transferredo GeneJET spin columiby
pipetting. (7) The tube wasentrifuged for 1 min and the fletihrough was
discarded. (8) The column was put back to the same collection tube and washed
twice using500 | of the Wash Solutioeach time. (9) The flovthrough was
discarded and the column was centrifuged for 2 miartwove the residual Wash
Solution. (10) he columnwas tansferedinto a fresh 1.5 inEppendorftube

and dried using a vacuum pump for 10 min. (11uB6X sterile water was added

to the centre of the column membrane without touching the membraneh@2) T
column wasncubate for 3 min at room temperature and centrifdder 2 min

to elute the plasmid DNA. (13) Plasmid DNA was store@@tC until use.

2.9TRANSFORMING AGROBACTERIUM VIA ELECTROPORATION

Electroporation was wused to transform the recombinant plasmid to

Agrobacterium tumefacien$o start with, electroporation cuvette was placed in
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ice and frozen competent cells Aftumefacienstrain C58 were left in ice to
thaw. 2l of the recombinantilpsmid DNA was mixed with 5l of electre
competent cells. The mixture was then transferred to the cold cuvette carefully
to ensure that the mixture covered the bottom and no bubbles were present in the
mixture. An electrical pulse was then given using tMicropulsefV
electroporator (BieRad) and 1 ml of liquid LB medium was added to the cuvette
immediately, mixed gently and transferred to a 1.5 ml Eppendorf tube. The tube
was incubated at 28 for 3 h with vigorous shaking. The transformed culture
was hen spread on petri dishes containing solid LB medium supplemented with
appropriate antibiotics. After incubating at@&or 2 days, single colonies were
picked and cultured in liquid LB medium containing appropriate antibiotics.

Correct colonies were ctirmed by PCR.

2.10 FLORAL DIP TRANSFORMATION OF ARABIDOPSIS

Recombinant constructs were transformetMd or mutantArabidopsisplants

by floral dip method (Clough and Bent, 1998Jhen Arabidopsisplants were
almost ready to be used for transformation (with many open flowers),
Agrobacteriumcultures were prepared by culturing 200 miLdf00 dilution of
smaller overnight culture00 ml of liquid LB medium + 2 ml of overnight
cultures + appropriatantibiotics) at 28C for 12 h to 24 h until Okyo reached
0.81.0. Cells wereharvested by centrifugation foOImin at10,000 rpm. Cell
pellets were resuspended in 5% (w/v) sucrose solution containing 0.02% (v/v)
Silwet L-77 and 10QuM acetosyringoneThe resuspension was kept at room

temperature for more than 1 h to activate the Ti plasmid oAgnebacterium
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During this period, already formed siliques on Arabidopsisplants to be used

for transformation were removed using scissbos.floral dip,theresuspension

was added to a beaker and all abgveundtissuesof plantsweresubmergedn

the resuspension for 40 seconds vgémtle agitationAfterwards, plants were

kept in a tray and covered with a dark plastic bag to maintain humidity and avoid

exposure to strong light. Next day, the black bag was removed and plants were
cultured as usual. A week later, the floral dip was repeated to improve the

transformation efficiency. Seeds were harvested approximately 3 weeks later
when siliques became yeW and dry.These seeds are termeglsEeds and the

subsequent generations are termgdld, Ta, Ts€

2.11 TOTAL RNA EXTRACTION

Arabidopsistotal RNA was prepared following the method of total RNA
extraction from yeast with minor modifications (Schmitt et al., 1990). Plant
samples were ground into powder using chilled mortar and pestle and liquid
nitrogen. Ground samples were divided into sevetaguln each ube ,lI 400
of AE buffer (50 mM sodium acetate pH 5.2, 10 mM EDTA)g#6f 10%(w/v)
SDSand 400l of AE saturated phenelere added. Tubes were vortexed and
incubated at 6% for 4 min. Afterwards,to facilitate the separation of the
aqueous and phenphasestubes were rapidly chilled in liquid nitrogen for 3
seconds and then taken dat 2 secondsThis was repeated-% times until
phenol crystals appesdt Tubes were then centrifugedlat,000 rprmfor 5 min

and the supernatant wdransferred to a new tube. An equal volume of

phenol/chloroform was added to the new tube and mixed by vortexing. After
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centrifuging for 5 min, the aqueous phase was again transferred to a new tube
and precipitated by adding 1/10 volume of 3 M sodiumadegipH 5.2) and 3
volumes of absolute ethanol. The mixture was vortexed and ke0d®
overnight. Next day, tubes were centrifuged 4000 rpnfor 10 min and then

the RNA pellet was washed with 7Q%v) ethanol. After drying, the RNA pellet
wasrestspended in sterile water (volume of water depends on the amount of the
RNA pellet, normally 16¢l). The quality and quantity of total RNA were

checked byNanoDrog™ 1000spectrophotometeand run on 1.2%w/v) TBE

gel.

2.12 NORTHERN BLOTTING

2.12.1 StockSolutions of Chemicals

10% (w/v) SDS: Dissolve 80 g SDS in 800 ml of sterile water. Cannot be
autoclaved.

1 M sodium phosphate buffer (pH 6.5): Mix 137 ml of 1 M NBBs and 63 ml

of 1 M NaHPQ; stock solutions to a total volume of 200 ml. Dissolve 24 g
NaH,PQ; (MW = 120 g-mol}) in 200 ml of deionised water to make 1 M
NaHPQ; stock solution. Dissolve 14.2 g p#PQ, (MW = 142g-mol™) in 100

ml of deionised water to make 1 Ne&.HP Qs stock solution. Autoclave and store

at room temperature.

0.5 M EDTA (pH8.0): Dissolve 18.61 g NEDTA-2H,0 (MW = 372.24g-mol’

1y in 100 ml of deionised water by adding-R.8 of NaOH pellets to completely
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dissolve NaEDTA:-2H.0O and adjust the pH to 8.0. Autoclave and store at room
temperature.

Ethidium bromide buffer: 1,000l of deionised formamide, 5561 of sterile
water, 33| of formaldehydg37%), 40¢l of EDTA (0.5 M, pH 8.0, 40 ¢l of

10 mgml* ethidium bromide and 48! of sodium phosphate buff¢t M, pH

6.5).

5% Bromophenol blue loading dye: 0.25% (wibvpmophenol blue, 0.25% (w/v)
Xylenecynol FF and 40% (w/v) sucrose in(H

20x SSC: Dissolve 140.26 g NaCl (MW = 58.¢4mol ) and 70.584 galium
citratedehydrate (MW = 294.4-mol1) in 800 ml of deionised water. Autoclave
and store at room temperature.

5 M NaCl: Dissolve 29.22 g NaCl in 100 ml of deionised water. Autoclave and

store at room temperature.

2.12.2 Electrophoresis

Before making the gethegel tray, comb and electrophoresis tank were soaked
using1% (w/v) SDS for 30 min and then rinsed with sterile water. The agarose
gel (1.2% [w/v]) was prepared by microwaving 1.2 g of agarose in the presence
of 2 ml of sodium phosphate buffer (1 M, pH 6.5) and 90 ml of sterile water.
When the gel cooled to abo&®°C, 8 ml of formaldehyde37%, pH 7.0) was

added and mixed well before pouring the gel in the fume hood.

While waiting for the gel to set (it takes about 1 h), running buffer and RNA

samples were prepared. The running buffer includes 13 saddfim plosphate
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buffer (1 M, pH 6.5), 58 ml of sterile water and 50 ml édrmaldehyde 7%,

pH 7.0. 8 eg of total RNA was mixed with the same volume of Ethidium
bromide buffer. The mixture was denatured at@3or 5 min and then
immediately plunged into iceirBultaneously, &l of the ssRNA ladder (NEB)
was prepared in the same way.Bromophenol blue loading dye was added to
the mixture with the final concentration as. The gel was run at 90 V for 1 h

and 30 min to 2 h. A circulator was used to keep tliebaven.
2.12.3 Blotting

To get ready for blottinghe nylon membrane (PerkinElmer) and two sheets of
Whatman paper were cut to the same size of the gel to be blotted. 500 ml of 10
SSC (blotting buffer) and 200 ml okZBSC (for soaking the membrane and two
sheets of Whatman paper) were also prepared. In addition, the tray for containing
blotting buffer was cleaned by 1% (w/v) SDS and sterile waffégr separating

by electrophoresis, the gel was photographed SYNGENE UV
transilluminator in combination with the corresponding gel imaging syStken.
blotting was then assembled as shown in Figuizevith the gelplaced on the
Whatman paper wickand the bottom side up. After blotting overnight, the

membrane was rinsedtiv 2x SSC and then UV crosslinked.

Glass plate ——p S
|:|4— Wad of paper towls

<—Two sheets of Whatman paper

Membrane —» "
Glass plate > Gel
< Whatman paper wick
i Tray containing blotting buffer

Figure 2.2 Blotting assembly imorthern bloting.
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2.124 Prehybridisation

After crosslinking, the membrane was placed RNA side towards the inside in a
cylinder containing 20 ml of prehybridisation buffer (4 mbd¥l NaCl, 3 ml of
sterile water, 10 ml of formamide, 2 g of Dextran sulphate, 1 ml of heat
denatured salmon sperm DNA [bfy-ml] and 2 ml of 10% [w/v] SDS). The

cylinder was incubated at 55 with rotation for at least 2 h.

2.125 Preparing RNA Probe

Firstly, DNA template for preparing RNA probe was amplified by PCR using
primers containing T7 promoter sequence akrdbidopsis cDNA as the
template. The transcription reagents were prepared as recommenttes in
protocol of Riboprob® systemT7 kit (Promegg. 1x Transcription optimised
buffer, 10 mM dithiothreitol (DTT)40 URecombinanRNasin® Ribonuclease
Inhibitor, 0.5 mM rATP, 0.5 mM rGTP, 0.5 mM rUTP, 12 uM rCTP,
approximately 500 n@pNA template,50 pCi [ EPPJrCTPand20 U T7 RNA
Polymeras@avas mixedn a total volume of 2@l in a 1.5 ml Eppendorf tube and
incubated at 3TC for 1 h. Afterwards2 U RQ1 RNasd-ree DNasavas added
and the mixture was incubated af@7%or another 15 min. Prepared RNA probe
was then purified vi@io-Spirf® 30 column (BieRad)as recommended by the

manufacturer.

Subsequently, the RNA probe was fragmented usiogrbonate/bicarbonate

buffer systen{Bodi et al., 2012). The volume of the RNA probe was brought to

102



80 pl using sterile water and then fu0of 400mM NaHCQG and 10ul of 600

mM NaCOs (both freshly prepared using sterile water) was added. The
fragmentation was carried out at°’@) The fragmentation time was calculated
using the following formulat = (Lo-Lt)/(kLoLt), whereLo = initial length of
transcript (in kb)L: = desired RNA fragment length (in kb, normally 0@56

kb), k = constant = 0.11 kmin?, t = time (min).

2.126 Hybridisation

Fragmented RNA probe was addedthe prehybridisation buffatirectly and

thehybridisationwas carried out &5°C while rotating for approximately 20 h.

2.127 Washing Membrane

The membrane was washadglith SSC buffers of decreasing concentration
containing 0.1%w/v) SDS, starting with 2 SSCat roomtemperaturéor 5 min,
followed by 2 SSC 1x SSG 0.2x SSCand 0.k SSCat65°C for 15 min each
time. After washing, the membrane was sealed and put down uptiesphor
screen(Fuji-Screen¥or two days and scanned usiBgp-Rad Molecular Imager

FX systemin combination withQuantity One software

2.13POLY(A) RNA PURIFICATION

Poly(A) RNA was puffied from total RNA according tthe protocol described

in the Pol y( A) Pincomiinat®n vth Homehadlersblitions )
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Modified protocol is as follows(1l) Prepare the Oligo(dT) Cellulose: Prepare
25-30 mg Oligo(dT) Cellulose powder in a 2 ml tube and add€3@d 0.1 M
NaOH. After a brief vortex, centrifuge the tube at 40@0and discard the
supernatant. Wash the Oligo(dT) Cellulose with 1 ml oflsterater for 3 times.
Afterwards, wash the Oligo(dT) Cellulose with 50Dof 1x Binding buffer,
which contains 6.31 of 3 M sodium acetate (pH 5.2), 242.I70of sterile water
and 25C| of 2x Binding buffer (4 M Tetramethyl ammonium chloride, 10 mM
EDTA, 60 mM Trizma, 0.032% [v/v] Triton X00). (2) Prepare the RNA
sample: Start with 289 of total RNA and bring the sample volume to 250
using sterile water and 63 of 3 M sodium acetate (pH 5.2). (3) Bind to the
Oligo(dT) Cellulose: Add 2581 of 2x Binding buffer to the RNA sample and
mix thoroughly. Afterwards, add each RNA sample to 1 tube of Oligo(dT)
Cellulose. Heat the RNA/Oligo(dT) Cellulose mixture ét@tr 5 min and then
rock the tube gently for 1 h at room temperature. Centrifugeutieeat 4,008

g for 3 min to pellet the Oligo(dT) Cellulose and keep the supernatant in the
freezer until the recovery of poly(A) RNA has been confirmed. (4) Wash the
Oligo(dT) Cellulose: Add 50&I of Wash Solution 1 1.3 M Tetramethyl
ammonium chloride5 mM EDTA, 30 mM Trizma, 0.016% [v/v] Triton-X00)

to the Oligo(dT) Cellulose pellet and vortex briefly to mix well. After
centrifuging at 4,000 g for 3 min, discard the supernatant and wash the
Oligo(dT) Cellulose pellet again using Wash Solution ftevards, wash the
Oligo(dT) Cellulose twice with 5061 of Wash Solution 2Q.5 M Tetramethyl
ammonium chloride, 5 mM EDTA, 30 mM Trizma, 0.016% [v/v] TritorlBO)
each time. (5) Elute the poly(A) RNA and start the second round: Addl200

preheated68°C) sterile water to the Oligo(dT) Cellulose pellet, mix briefly by
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vortexing and then centrifuge immediately at 50@0for 3 min. Transfer the
liquid to a fresh tube and keep the tube containing the Oligo(dT) Cellulose. Add
6.3¢l of 3 M sodium aceta (pH 5.2) and 43.gl of sterile water to the elution.
Repeat from Step (3). (6) Recover the poly(A) RNA after a second round: After
washes withVash Solution 2n the second round, elute the poly(A) RNA with
200 ¢l of preheated sterile water twice and keep two elutions separately.
Centrifuge all elutions dit4,000 rpmand transfer the liquid to a fresh tube to get
rid of the residual Oligo(dT) Cellulose. (7) Precipitate the poly(A) RNA: In each
eluted poly(A) RNA smple, add 2@ of 3 M sodium acetate (pH 5.2) ¢l of
glycogen and 60&I| of absolute ethanol. Mix by vortexing and leave the
precipitation mixture at20°C overnight. (8) Next day, centrifuge the mixture to
recover the poly(A) RNA pellet. Carefully waahd dry the pellet and resuspend
the pellet in &l of sterile water. Keep the poly(A) RNA sample-&FC until

use.

2.14 nfPA MEASUREMENT

mPA levels were measured bwa-dimensional TLCanalysisas described
previously ghong et al., 200850 ng of poly(A) RNA was digestday 1 | af
RNase T1 (DO0U-mlt; Fermentas) in 1x polynucleotide kinase (PNK) buffer
Aat3PCfor1 h5 Nj e migested®NA fragments were labelled with. & ¢
o f -*2P]JATP (6,000 Ci-mmot'; PerkinElmer)using 10 U of T4 PNKAfter
precipitation byl/10 volume of 3 M sodium acetate (pH 5.2) and 3 volumes of
absoluteethanol, the labelled RNAellet was resuspended inucleaseP1

(SigmaAldrich) reaction mixture (£l of nucleasd>1, 1l of nucleasé1 bifer,
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8 ¢l of nucleasdree water). The redcin mixture was incubated at ®7for at

least 1 h to producmononucleotidesAfter P1 digestion] €l of the digested
sample was loaded tmthe celluloseTLC plate (20 x 20 cm; Merck and
developed in a solvent system, wislobutyric acid:0.5 M N&OH (5:3, v/iv)as

the first dimension buffer andopropanol:HCl:water (70:15:15, v/iv/@s the
second dimension buffer. The labelled nucleotides were identified and quantified
by usinga sbrage phosphor scre@ruji-Screen) and BidRad Molecular Imager

FX systemin combination withQuantity One software

2.15WESTERN BLOT TING

2.15.1 Protein Preparation

Two-week old seedlings harvested from plates containing 1/2 MS plus 1% (w/v)
sucrose wre ground into powder with liquid nitrogen. The powder was divided
into 1.5 ml Eppendorf tubes (00 mg in each one). In each tube, 4D6f Lysis

buffer G0 mM Tris-HCI pH 8.0 10 mMEDTA pH 8.Q 1% [w/v] SDS, 1 mM
phenylmethanesulfonyfluoride [PMSF], 1% [v/v] Plant Proteasénhibitors
[SigmaAldrich]) was added and mixed by vortexing. Tubes were kept on ice for
15 min and thewrentrifuged atL4,000 rprmfor 5 min. Afterwards, supernatants
were transferred into new tubes and used as proteinesiipe protein content
was measured accor di nRgadt oPrion seti rnu cA s soany
dilutions from concentratedobine serum albumigBSA, 1.36mg-mft) was

used to generate the standard curve for protein concentration assay. The

absorbanceof all prepared samples was measurad 595 nmusing a

106



spectrophotometer and the protein concentration was calculated according to the

standard curve by Excel.

2.15.2 Electrophoresis

Each protein sample (4Q)) was made up to 18 with sterile water and ¢l of

5% Laemmi buffer(312.5mM Tris-HCI pH 6.8;50% [v/v] glycerol; 10% [w/V]

SDS, 0.6% [w/v] bromophenol blue25% [v/v] b-mercaptoethanolyas added.

The mixture was denatured at°@5for 5 min and then loaded onto BiRad
Mini-PROTEAN® TGXE Precast Gel 7 ¢l of Bio-Rad protein marker
(Precision Plus Pr ot pwandso |Dade. The@el wasr St
run in the electrophoresis buff@5 mM Tris, 192 mM glycing0d.1% [w/v] SDS)

at 110 V for approximately 1 h and 30 min until the lidye reached the bottom

of the gel.

2.15.3 Transfer

Transferring was <carried out -Blo®l | owi n
ElectrophoreticTransfer Cetb  (-Baid)oThe gel was equilibrated using cold

transfer buffer (25 mM Tris, 192 mM glycine and 20% [v/v] methanol, pH 8.3)

for 30 min prior to transferringAmer s h a mE® vestant blaiting
membrane r{itrocellulose, pore size: 0£m), filter paper ad fibre pads were

also soaked in cold transfer buffer before transferring. The transfer cassette was
assembled according the manufacturer s

120 V for 1 h.
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2.15.4 Blocking and Incubation with Antibodies

The blockingand the following steps were carried out according to the protocol

f o WesternBreeze® Chemiluminescent Western Blot Immunodetédtitn

After blocking with 10 ml of Blocking Solution for 1 h, the membrane was rinsed
twice with 20 ml of sterile water. $sequently, the membrane was incubated

with the primary antibody solution at room temperature for 1 h. The primary
anti body was diluted according-actino t he
antibody a rabbit polyclonal antibody targeting a set of actindnabidopsis
(Agrisera)was used in this study as a control. After 4 washes with Antibody
Wash Solution, the membrane was incubated with Secondary Antibody Solution

for 30 min. Afterwards, the memdme was washed 4 times with Antibody Wash

Solution and then washed twice with sterile water.

2.15.5 Incubation with Substrate

The Chemiluminescerffubstratevas pr epared f ol |l owing
instructions. The substrate was evenly applied ontontflembrane and the
reaction was developed at room temperature for 5 min. The extra substrate was

removed by filter paper.

2.15.6 Detection

The membrane from the last step was placed between two pieces of transparency

plastic and was then put into a sette. In the dark room, a film was put on top
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of the membrane and the exposure was kept for 1 min or longer (depending on
the specificity of the primary antibody). Afterwards, the film was developed in
Carestream® Kodak® autoradiography GBX developemrapher (Sigma
Aldrich) and then fixed byCarestream® Kodak® autoradiography GBX
fixer/replenishe(SigmaAldrich). Finally, the film was scanned by GB0E
Calibrated Imaging Densitometer (BRad) in combination with Quantity One

software.
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CHAPTER 3 GENERATION AN D CHARACTERISATION OF HAKAI

KNOCKOUT MUTANTS AND HAKAI -GFP LINES

3.1 ABSTRACT

Né-methyladenosine (PA) is the most abundant intermaRNA modification in

most eukarydes. Its formatioris catalysed by the methyltransferase (MTase)
complex (mPA writer complex) which containsMTA as the major mRNA
adenosine methylase #rabidposis MTA was initially shown to beclosely
associated with FIP3and more recentlydalitional components have been
identified which expand the complex to include MTB, ¥1P Virilizer and
Hakai (an E3 ubiquitin ligase). As a novel member of the MTase complex, the
role of Hakai in mRNA methylation both in plants and in mamnsaist yet
understoodTo study the function of Hakai, firstlyakaiknockout mutants and

the comfementation line (HakasFPhakai) containingHakai genomic DNA
under its own promoter and with a GFP tag downstream were generated and
characterised. Two homozygotiskai knockout mutants were obtained via
CRISPRCas9 and a homozygotiskaiintron-located FDNA insertion mutant

was also characterised. The twitakai CRISPR mutants showed complete
knockout ofHakai transcripts andHakai transcript inHakai T-DNA insertion
mutant was truncated and much reduced compared with that in WT. %Phe m
level inhakaimutants was decreased by88%6 and this could be recovered to
the wild-type level in theHakairGFPhakailine, suggestingdakai is required for

full m®A methylation hakaimutants demonstrated significantly increased lateral

root formationon higher concentrations of sucrose (>3% [w/v]). In addition,
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maximal HakatrGFP expression was localised to root tips and lateral root
initiation sites. Together, these results indicate that Hakai may interact with

sugar signalling in regulatirgrabidopss lateral root development.

3.2 AIMS AND OBJECTIVES OF THIS CHAPTER

To study the function of Hakai, the work in this chapter is focused on generating
and characterisingakaiknockout mutants and transgenic lines expresSirig-
tagged Hakai under its own promoter (Hak&@FP). Specifically, the
transcriptional expression,®h levels, HakaiGFP localisation and phenotypes
are analysed utilising tHeakaimutants and HakabFP lines that are generated.
These results provide initial data determimwhether Hakai is part of tha®A

writer complexand to what extent it is required foPAnformation.

3.3 METHODS

3.3.1 GenotypingHakai T-DNA Insertion Mutants

To acquireHakai knockout mutants, our first consideration was to scpen
existing Hakai T-DNA insertion lines.Four putativeHakai T-DNA insertion
lines were chosen. Among themSALK 109428 GK-259E01 and
SALK_148797are located upstream of the start codon, possibly in the promoter
region,and GK217A12is located in the first intronHgure 3.1 Table 2.1).

Genotyping methodaredetailed in 2.4.
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HAKAICrisp2crdf exHAKAIlfwde1

GK-259E01 GK217A12 HAKAICrisp2Pdf
5 T«‘ B - 3
A AsALK 148797 Hakai  [109428LP 7 217TM2RP AHakai :
ALK 100426 - CRISPR 1M RS CRISPR 2P exHAKAIrev HAKNICTISpIRdr
HAKAICrisp1Mdr exHAKAIreve1
259E01RP HAKAICrisp2crdr

Figure 3.1Schematic oHakaigenomic DNA sequence with-DNA insertion sites, CRISPR target sites and primers.¥gade rectangle denotes UTR, black
rectangle denotes exon and thick black line represents intron. Forvi¥d\ Thsertions and primers are labelled above genomic DNA strands and those in the
same direction as the complementary strand are labelled belomgeDNA strands. The twblakai CRIPSR targets are towards the complementary DNA
strand.Hakai CRISPR 1M denotellakai CRIPSR target site 1 overlappiMjyl recognition site anéHakai CRISPR 2P denotddakai CRIPSR target site 2
overlappingPvul recognition site. HAKAICrisp1Mdf, HAKAICrisp1Mdr, HAKAICrisp2Pdf, HAKAICrisp2Pdr, HAKAICrisp2crdf and HAKAICrisp2crdr
were used for screening followitpkai CRISPR mutagenesis. LP and RP represent left primer and right prirdakaigenomic DNA sequee. 259E01LP,
217A12LP, 109428RP and 148797RP are located upstream of the 5° UTR (not shown here). exHAKAIfwd and exHAKAIrev, exHAKa#ifivdel

exHAKAIrevel are two pairs of primers for checking the expression leéakdi by RT-PCR.
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3.3.2 RT-PCR Analysis

To check the expression level dbkai in candidateHakai T-DNA insertion

mutants by RTPCR analysis, firstly, total RNAs were prepared following the
protocol described in 2.11. To get rid of DNA contaation, prepared total

RNAs were treated with DNase as followser8e water was added to the RNA
sample to bring t he asnadmpbofig murbblDidase t o 4
buffer, 1el of Turbo DNase (Ambion) were added. The mixture was incubated

at 37C for 30 min. Afterwards, the volume of treated RNA sample was brought

to 10Hi mg steril e I|wipheroichlorolomadvastatidedtio 1 00
the RNA sample and mixed by vorteg. After centrifuging atL4,000 rpnfor

5 min, the supernatant was transferred to a new 1.5 ml Eppendorf tubeeand

same volume of chloroform was added and mixed by viogeXfter another
centrifugation the supernatant was again transferred to a new 1.5 ml tube and
precipitated by addig 1/ 10 vol ume of 3 M lI®fodi um
glycogen and 3 volumes of absolute ethanol. The mixture was vortexed and
precipitated at20°C overnight. After washing and drying, the RNA pellet was

di s s ol v leofisteiilenwatérO ¢

Firststrard cDNAs were synthesised using Moloney Murine LenieeVirus
(M-MLV) reverse transcriptas@Promega) according to the manufacturer's
instructions with some modifications. In each 0.2 ml PCR tubkgbtotal RNA,
3elof 100 &M Ol il gficdatgree wated were added and
incubated at 70°C for 5 min and then chilled on ice immediately. Afterwards, 5

elof M-MLV5xReact i on Bobtlf0 me dNTPs2.5 & of auclease
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free watera n d | of M-BILV reverse transcriptag@00 Uel 1) were added.
The mixture was incubated at 42 for 90 min. The synthesised firstrand
cDNAs were kept at20°C until use.AtActin2 (At3g18780) was used as a
reference genm RT-PCRs PCR reagents and prograres were prepared and

set following that in .

3.3.3 Generation ofHakai CRIPSR Mutants

Clustered regularly interspaced short palindromic re#iSPR associated 9
(CRISPRCas9 was used toobtain additionalHakai knockout mutants.
CRISPRCa® usedin genome engineeringcludes eDNA endonucleas€as9
which cleaves thd¢arget DNA into doublestrand breaks (DSBg)nder the
guidance ofa singleguide RNA (sgRNA)with 5' end composed of a 20
sequence complementary to the target DNA and 3' end as a -cGinavided
structure that binds to Cag¢Bigure 3.2a)Jinek et al., 201;2Charpentier and
Doudna, 2013Doudna and Charpentier, 2014 herecognition ofthe target
DNA sequencas based orthe presence of aonserved protospacadjacent
motif (PAM) downstream of thearget DNA, which usually has tlmnsensus
sequences-NGG-3' (Jinek et al., 2012)After cleavage, the DSBare then
repairedvia two differentcellular DNA repair mechanism northomologous
end joining (NHEJ) and homologous recombination (HR) (Figwzlb) SNHEJ
mediated repair utilises DNA ligase IV to-ja@n broken ends and produces
random insertions or deletions (indels) (Kim and Kim, 2@ethaj et al., 2016

If a homologous DNA donor is provided as the template for DSB repair, this

leads to precise gene corrections (a sHbglsepair change) or insertions (Kim

115



and Kim, 2014; Bortesi and Fischer, 2015). In most cases, NHEJ repair
mechanim pradominategCarroll, 2014; Belhaj et al., 2015; Bortesi and Fischer,

2015).

PAM

[ Guide RNA
sequence |

Matching genomic Cas9

sequence

[—]
I
)
y <
+ Donor DNA
] [—— | — E—
= | | E—
Gene insertion or
— e
[ —— ]
or l
——  —] | E—
I I E—
Gene deletion Gene correction

||°
3

Gene insertion

Figure 3.2 The mechanism of CRISPBa®. (a) The DNA endonuclease Cas9 is
guided to the target DNA via a single guide RNA (sgRMNAJ its cleavage leads to
doublestrand breakgDSBs) Protospacerdjacent motif (PAM)sequence located
downstream ofhetarget DNA sequence is required the recognition of target DNA
(Charpentier and Doudna, 2Q1@®) DSBs are repaired via eitheon-homologous end
joining (NHEJ)or homologous recombination (HR3dapted from Bortesi and Fischer,

2015.

CRISPR constructs were generated using the Golden Gate cloning method

(Weber et al., 2011)In the presengtudy, tivo SgRNA target sites were selected
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and each of them overlaps a restriction enzymeMlItg,andPvull, respectivey
(Figure 3.}, tofacilitate thesubsequenhutagenesis screening i restriction
enzyme site loss method (Voytas, 2013gRNAs were amplified from
pICH86966::AtU6p::sgRM_PDS construct (Addgene plasmid 46966) and
assembled to Level 1 vector (pICH47751) as follgigure 3.3) In a 0.2 ml
PCR tube,100 ng Level 0 vector pICSL01009 (containingrabidopsisU6
promoter) 20ngamplified sgRNA producti00ngLevel 1 vector (pICH47751),
20 U Bsd (NEB), 1x NEB CutSmart Buffer, InM ATP, 1500 UT7 DNA
Ligase (NEB) were mixedn a total volume of 1Gl and incubated in a
thermocycler at 37C for 5 min and then 2@« for 5 min, 20 cycles in total.

Afterwards, the reaction was inactivated at@@or 20 min.

After transforming to compete® colic el | s ( DH5ingpn LBplus cul t u
carbenicillin (100 mgL?), single colonies were checked by PCR and plasmid
DNAs wee prepared from correct colonies. Subsequently, plasmid containing
sgRNA underAtU6 promoter (AtU6p::sgRNA) was assembled to a Level 2
vector using the similar restrictidigation system as aboJ&igure 3.4) The
reagents include 100g Level 2 vector jAGH4723), 100ng pICH47732
plagmid (containing planselectable marker NPTII), 10@pICH47742 plasmid
(containing Cas9 under CaMV 35S promoter), 100ng AtU6p::sgRNA
(pICH47751), 100ng pICH41766 plasmid (containing a linked0 U Bpil
(NEB), 1x NEB CutSmart Buffed mMATP and 190 UT7 DNA Ligase (NEB)

in a total volume of 1@l. The PCR programewas the same as above. After

transforming to DHS5 UngondBpuskanamytin(Ka@)l | s a
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(50 mgLY), single colonies were ekcked by PCR and digestion of plasmid

DNA. Correct ones were confirmed by sequencing.

For the CRISPR construct containing two sgRNA target sites, the linker was
replaced by one of the AtU6p::sgRNAs. Specifically, one AtU6p::sgRNA
sequence was amplifiedoin generated AtU6p::sgRNA plasmid with primers
containing the same overhangs upstream and downstream of the linker (Refer to
Appendix 1 for detailed information about the primers). After restridigation
reaction and transformation, the final constnwas confirmed by colony PCR

and sequencing.

pICSLO1009::AtU6p sgRNA PCR product
Level 0

GGAG ATTG
= - ITG
E 2
sgRNA
pU6
_ + GNNNNNNNNNNNNNNNNNNN I”backbone”
) J

7

>

Bsal

Spec+ G(N),, guide sequence
LB ACh e WEEER TRCRB  picHa7751
‘%D'D (eza [ 2 @ J) Level 1 vector
Carb*
lBsal + ligase
ACTA TTAC

L ) Level 1

Carb* select white colonies

Figure 3.3 Assembly of sgRNA and its driven promofeabidopsis UGromoter to a
Level 1 Golden Gate vectorProtocol from the Sainsbury laboratory)Spec:

spectinomycimresistanceCarly: carbenicillinresistance
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pICH47732:: pICH47742:: pICH47751 pICH41766

NOSp::NPTII-OCST 35Sp::Cas9-NOST AtU6p::sgRNA Linker
Level 1 Level 1 Level 1
s LAY ARIA ACTA TTAC TTAC
/s> + etz - Allells) - 3

N
Carb Carb® Carb* Spec”

Lg M RB
+ 3{freal 3 K pAGMA4723

Level 2 vector

Kan
l Bpil + ligase
LB GCAA ACTA TTAC B
NPTII }J-| Cas9 HngNA I NPTII-Cas9-sgRNA
Level 2
T
Kan select white colonies

Figure 3.4Level 1 Golden Gate vectors containing kanamycin selectable marker, Cas9
and sgRNA separately were assembled together to a Level 2 Goden Gate vector
(Protocol from the Sainsbury laboratojy Spec¢: spectinomycinresistance Carly:

carbenicillinresistanceKan': kanamycirresistance

3.3.4 Screening oHakai CRIPSR Mutants

After floral dip transformation to the wHtype Arabidopsis To seeds were
planted on MS medium containing 50 mg-Kan to screen positive;plants.
Positive T. plants were transplanted to the compost. Genomic DNAs were
extracted from leaves of these plants for the following screening by the
restriction enzyme site loss method (Voytas, 2013). Firstly, genomic DNA was
digested by the enzyme with recognition skertapping the sgRNA target site
(Mlyl andPvul, respectively) to reduce unaltered wilgbe DNA in the sample
(Nekrasov et al., 2013). Fahne digestion byMlyl (NEB), ~ 500 eg genomic

DNA was used in the presencelof CutSmart Buffeand 5 UMlyl in atotal
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volume of 10¢l. For the digestion byPvul (Thermo Scientific), 1x Buffer G

and 5 UPvul were used. The digestion was carried out at@7or 1 h.
Subsequently, PCR was performed using the digested DNA as the template and
primers flanking the sgRNA target siteigure 3.1 Appendix 1). PCR product
was precipitated b$/10 volume of 3 M sodium acetate (pH 5.2) and 3 volumes
of absolute ethas overnight. After washing and dryinghe pelleted PCR
product was |dfisterite avdter. & decandchdigdstion was followed

u s i nlgof pReciptated PCR product. Partially cut samples were sequenced
using forward primers for PCR to confirnogsible mutagenesi$o screerr>

and the following generatisnPCR wagperformeddirectly using diluted DNA
sample as the template, followed by digestion and finally confirmed by
sequencing. The presence of CRISPR construd;itransgenic plants was
checked by PCR using primers locatedGas9sequence (Appendix 1n the
subsequent generations, mutants absent of CR{S®R constructs were

selected.

3.3.5 Generation of HakaiGFP Lines in Mutant and Wild-type

Backgrounds

Gateway cloningvasused to generatecombinant constructs containi@drP-
taggedHakai transgeneThe procedures are illustrated in Figure 3T®. start
with, Hakai genomic DNA sequence including its own promoter was amplified

by PCR. After gel excision and precipitation overnight, the DNA pellet was

di ssolved in 16.5 ¢l of sterile water.

entry vector using thg CRE 8 / G WP T/ eléning® Kit (Invitrogen),
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adenosineverhangsvereaddedto the 3' ends by incubating the PCR product

at 73Cfor 30 min in the presenad 0.25mM dNTPs, 1x StandafaqReaction

Buffer and5 U Taqg DNA Polymerasdan a final volume of 2 | The PCR
prodct was then precipit at3éMdsodum acetatd g h t
(pH 5.2) and 6@ bbf absolute ethanol. Next day, the DNA pellet was dissolved

in 10¢ | sterife water. The following TOPO cloning reaction was prepared by
mixing 1¢ bf PCRproduct(88 0 ngodfsallt € b o lofisterileavater 3 ¢ |
and of TOPO vector. The reaction was incubated at room temperature for
30 min and then transformedd¢ompetent. coliOneShdt TOP10 cells. After
analysing the transformants by PGfRasmids were prepared from correct single
colonies and confirmed by sequencing. The plasmid containing correct and
forward Hakai genomic DNA sequence was used for the following LR reaction

using Gateway LR Clonasé II Enzyme Mix (Invitrogen).

Tosetup t he L R oftheaecambimant entrylvectot (8000 ng),l ¢ |

of pGreenbased Gateway destination veatontaining GFP ta¢l50 ng) and 6

¢ lof sterile water were mixed in a 0.2 ml PCR tube. After thawingLRe

Clonasé |I Enzyme Mix on iceand a brief mix by vortérg, 20f tigelLR

Clonasé 1l Enzyme Mix was added and the reaction was incubated atfab°C

3 h. The reaction was terminated by adding [bf the Protein K solutiorf2

eg-¢ 1) and incubating the reaction at 37°C for 10 min. After transformation to
competenE. coliOneShdt TOP10 cells and following the analysis as above, 1
elofcorrect recombinant q pSawmlasthidli0®d get he
ng-e 1) (to support the refation of pGreerbased Gateway destination vector

in Agrobacteriump was transformed toAgrobacterium strain C58 via
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electroporation. The recombinant plasmid #Agrobacterium was then
transformed to the wiltlype Arabidopsisor hakaimutant linegdenominated as

HakatGFP linesyia floral dip method as detailed in 2.10.

attL1 attL2

pCR™8/GW/TOPQO®

TOPO|cloning S
pec*

atl1 ~  atil2 attR1 _ attR2

I A

Destination vector

SpEs LR|reaction Kan*/BASTA*

v

attB1 attB2

Fianl expression vector
(Hakai-GFP)

Kan*/BASTA*
Figure 3.5A schematic illustratinthegeneration oHakai-GFP recombinant construct

via Gateway cloningSpec: spectinomycinresistanceKan": kanamycinresistance
BASTA": BASTA resistanceatt: attachment sitegccdB gene in Gateway vectors

inhibits the propagatiorof ccdB-containing plasmids in standakdcoli strains.

3.3.6 Screening oHakai-GFP Lines

Seeds harvested froftoral-dipped Arabidopsisplants (To) were screened by
planting seeds on medium with the appropriate antibiotic to screen positive T
plants. Subsequently, positive flants were further screened by PCR using the

forward primer orHakai sequence and the reverse onez#tP to confim the
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presence of the construdh the following generations, homozygous Ha&&iP

lines were screened by planting-80 seeds on 1/2 MS medium plus the
appropriate antibiotic or by checking the GFP signal under the Stereo
Fluorescence Microscopédica). Afterwards, the localisation of GFP signal
was checked under the confocal microscdpeica TCS SPp using the

homozygous lines.

3.3.7 Checking Transcriptioral Levels ofHakai by Northern Blotting

Transcriptiorl levels of Hakai in hakai mutants and BkairGFP lines were

further analysed byworthern bloting as described in 2.12. Primers used for

amplifying the DNA template for RNA protaelisted in Appendix 1.

3.3.8mC%A Measurement

The nfA levels inhakai mutants and HakaBFP lines were analysdxy two-

dimensional TLC analysis according to that detailed in 2.14.

3.3.9 Analysis of Root Phenotypes

Seeds were prepared as described in 2.1 and cultured on vertical plates

containing 1/2 MS basal medium plus different concentrations of sucrose or

sabitol. Seedlings were photographed on the 8th or 9th day of culturing in the

tissue culture roomrhe rumber of lateral root§LRs) was recorded and root
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lengths were measured using Image J software. Statistical analysianied

outvia IBM SPSS Statistics 22.

3.4 RESULTS

3.4.1 Homozygous Hakai T-DNA Insertion Mutants and Their

Transcription al Levels ofHakai

Among four putativeHakai T-DNA insertion mutant§ SALK 109428, GK
259E01, SALK_148797and Gk217A12, SALK_148797and Gk217A12
demonstratedorrect bands in genotyping PCR using the forward primer on the
inserted TDNA (LB) and the reverse orfRP)onHakaigenomic DNAwhereas
therewereno bands usingboth primers located orHakai genomic DNA thus
these two linesvere homozygougqFigure 36a-c). RT-PCR with the forward
primer located upstream dBK-217A12 insertion site and the reverse one
downstream oGK-217A12insertion site (exHAKAIfwdel and exHAKAIrevel,
Figure 3.1 Appendix 1)showed thatranscript level®f Hakaiwas knocked out
in GK-217A12, but not in SALK 48797 (Figure 36d,6. However,RT-PCR
using another pair of primers downstream ®K-217A12 insertion site
(exHAKAIfwd and exHAKAIrev, Figure 3.1 Appendix ) reveakd thatthe
Hakai transcript present irGK-217A12 might be truncatedF{gure 36f).
Therefore,GK-217A12 (henceforth termed 217A12) could be used aslkai

knockout mutant, despite nbgingideal.
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Figure 3.6 Screeningdakai T-DNA insertion mutantga) Schematic showing locations
of SALK 148797 and GK-217A12 T-DNA insertion sites and primers used in
genotyping PCR4.P and RP represent left primer and right primeHaikai genomic
DNA sequence whilst LB refers to left border prinmr the inserted IDNA. (b)
Genotyping PCR of SALK_14879%Bamplel to 6 represent six individual DNA
samples from lINGSALK_148797 (c) Genotyping PCR of GR17A12.Samplel to 3
represent three individual DNA samples from IBK-217A12 (d) RT-PCR analysis
of the expression dflakaiin GK-217A12 using primer pairs flanking GKL7A12 T
DNA insertion site. €) RT-PCR analysis of the expressionHtdikaiin SALK 148797
using primer pairs flanking Gi217A12 TDNA insertion site.f) RT-PCR analysis of
the expression dflakaiin GK-217A12 using primer pairs downstream of GQK7A12

T-DNA insertion site.
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3.4.2 Homozygoudiakai CRISPR Mutants

Given thatHakai T-DNA insertion line 217A12 may be not ideal for generating
a true null pheotype, CRISPRCas9mediated mutagenesis wagplied Three
CRISPRconstructaiming at knocking outlakaiweregeneragd, including two
constructswith asingle sgRNAand one with two sgRNAenes denominated
as HakaiCRISPRLM (overlappingMlyl recognitionsite), HakarCRISPR2P
(overlappingPvul recognitionsite) andHakaiCRISPR2cr (containingboth of

the abovesgRNA gene3, respectively.The sequencing results obmpleted

constructareshown inSupplementary figre 3.1

After floral dip transformationthe total number of screened transgenitines
(termedhakai1M, hakat2P and hakat2cr in accordance withthe CRISPR
constructs used for transformation) and plants showing musas@mmarised

in Table3.1. PCR products that were partially cut the specific restriction
enzyme Figure 37) were confirmed by sequencing. No mutant plants were
found inhakai2P linewhereas 8 out of 29 plants showed mutagenesiakar

1M line. In addition, the sequencing data showed that the mutagenbsisain

2cr lines occurredonly in CRISPR target site overlappiMiyl recognitionsite
(Figure 38b,c). Thusthe mutation at thegRNA target site overlappinglyl
recognitionsite was more efficient than thattthe sgRNA target siteverlapping
Pvul recognitionsite. Multiple peaks in all sequenced mutants indicate that all

mutant T, lines areheterozygougFigure 38b).
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Table 3.1 Summary of screening:Tines ofHakai CRISPR mutants

No. of positive No. of plants No. of plants Presence of
Line name plants sleced screenedby showing Cas9in

by kanamycin  digestion and PCR  mutagenesis  mutant lines
hakai1M 29 29 8 Yes
hakai2P 41 41 0 Yes
hakai2cr 27 27 4 Yes

Note: 1M representssgRNA target siteoverlapping Mlyl recognition site;2P represents
overlappingPvul recognition site2cr refers to containingpoth of the abovesgRNA geneson
one CRISPR construct.

a WT 2cr#8 2cr#9 2cr#10 2cr#14
+ - + - + - + - +

!
!

N
e
pe—)
e
-
o
amum
-

365 bp — [P—
187 bp—=
and 178 bp

Figure 3.7 Screeningfor Hakai CRISPR mutants in the; Generation(a) Digestion of
hakat2cr lines by Mlyl. (b) Digestion ofhakat1M lines by Mlyl. -, Undigested PCR
product amplified by using primers flanking the sgRNA target site; +, Digested PCR
product amplified by using primers flanking the sgRNA target site. 2cr represents
containing two sgRNAs on one CRISPR construct and 1M septs sgRNA target site
overlappingVlyl recognition site. Sampleakai2cr#8,hakair2cr#9,hakai2cr#14 and

hakai1lM#1 were clearly partially cut.
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MMMWMMMAMMM

150 140

CCGTGACTCCCACCACCGTAATC CCGTGAACTCCCCCCACCGTAATC

160
CCAGCTGCAACAATCCCGTGAA CCGTGATCCCACCACCGTAATC‘
CCGTGACCCCCCCCCCGGAATC CCGTGACCTCCCACCACCGTAATC

Figure 3.8 Sequencing profiles dfakai mutants compared with WT at sgRNA target
sites (a) The forward wildtype sequence at trsgRNA target site overlappindlyl
recognitionsite. (b) The forward sequence ofi eneration at thegRNA target site
overlappingMlyl recognitionsite showed multiple peak&) The forward sequence of
T1 generatio at thesgRNA target site overlappirgvul recognitionsite showed no
changes (d) The forward sequence dfakar2c#14-37 at the SgRNA target site
overlappingMlyl recognitionsite showed one nucleotide deletion of& The forward
sequence of heterozygohskai2cr14 at the sgRNA target site overlappinigllyl
recognitionsite showed multiple peak§) The forward sequence bbkai2cr21-17-

6 at thesgRNA target site overlappinglyl recognitionsite showed one nucledé

addition of C Mutation sites are labelled with red arrows.

The screening ofJllines from mutant Tlines hakar1M#1, hakai2cr#8, hakat
2ci#9, hakar2c##14, hakar2c#21) is summarised in Tabld.2. Though the
mutagenesis efficiency was very low, seven planseiaenedhakar2cr#l4line
showed mutation and two of thefmakar2c#14-37 andhakar2c#14-53) were
homozygous, with onaucleotidedeletion of C Figure 38d,e). In addition
anothehetgozygousnutant bakair2cr#21-17) was discovered imakar2ci##21

line.
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Table 3.2 Summary of screening.Tines ofHakai CRISPR mutants

Line name  No. of screened plants No. of mutants No. of homozygousnutants

hakai1M#1 60 0 0
hakai2cr#8 24 0 0
hakai2cri#9 24 0 0
hakai2cri#14 180 7 2
hakair2cr#21 56 1 0

Note: 1M representssgRNA target siteoverlapping Mlyl recognition site;2P represents
overlappingPvul recognition site2cr refers to containingpoth of the abovesgRNA geneson
one CRISPR construct.

In the following Tz line, homozygoushakar2c#14-37 andhakat2cr#14-53
were confirmed by sequencingcreening of homozygous mutanfsom
heterozygousakai2cr#21-17 was continued. Furthermore, thiesencef the
CRISPR construct was confirmed by check®as9sequence by PCHFigure
3.9). Finally, four Ts plants inhakat2cr#21-17-6 line demonstrated homozygous
mutagenesis, all with one nucleotiddditionof C (Figure 38f). In summary,
two homozygousiakai CRISPR mutant line$rom which the TDNA carrying
theCRISPRsequences had been crossedwareobtained Homozygousakar
2c#14-37 andhakar2c##21-17-6 (termedhakai 37 andhakai21, respectively)

were used in the following experiments.
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37-14 37-17 37-19 37-21 37-23 37T 76 17-13

-1671 bp.167 |

Figure 3.9 Identification of Cas9ree Tz generation oHakai CRISPR mutants by PCR

using primers orCas9sequence(a) The presence dfas9in Ts progenies ohakar
2c14-37 (37-14, 3717, 3719, 3721, 3723) compared with that in;Tparental line
(labelled 37 ) and WT. (b) The presence @as9in two T; progenies ohakai2c#21-

17.

To confirm the true mutagenesis via CRISERs9 hakai37 andhakai21 were
backcrossed with the wiltype Arabidopsis the same mutagenesis form was
discovered in Fgeneratios of both hakai 37 andhakai 21 crossed with WT
which verifiesthatthe mutations caused lirakai37 anchakai21weremediated

via CRISPRCas9(Figure 310).

WT x hakai 37 WT x hakai 21
ccsTGAccccccccccéGAATc CCGTGACCCCCCCCCCCCGAATC
140
SRS AT B G B A G RISy CCGTGACCTCCCACCACCG TAATC.

Figure 3.10Sequencing profiles of the progenyhalkaimutants backcrossed with WT

Mutation sites are labelled with red arrows.
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3.4.3 Homozygous HakaiGFP Lines and Their GFP Localisation

Hakai genomic DNA with its own promoter (without stop codon and 3' UTR)
was amplified (2062 bp, Figure 3.1a) and cloned to Gateway destination
vectors p&KGWG (no promotenyith GFP tagandKan resistance for plants) or
pGBGWG (no promoterwith GFP tagand BASTA resistance for plants)
(Zhong et al., 2008 by Gateway cloninglwo destination vectors with different
plant selectable markers were sleo for the ease of screening when crossed with
other lines. Single colonies were checked by PCR (Fig@utdb) and the
schematic of the final recombinant constigsghown irfFigure3.11c. Following
Agrobacteriumelectroporation and floral dip transformation to the vijide
Arabidopsisandhakai37, positive T plants (denominated as HakaFP) were
screened bianor BASTA and confirmed by PCR using the forward primer on
Hakai genonic sequence and the reverse oneG#P (Figure 312, Appendix

1),
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«— 2062 bp

- e w B

L RB

Kan /BASTA* :: <j
NOS EGFP Hakai Hakai MCS
terminator 1"0'"0‘?1 genomic  promoter

DNA

Figure 3.11 GeneratingHakarGFP constructs (a) Amplifing Hakai genomic DNA
with its own promoterSamplel and 2 were two individual PCR produdis) PCR to
checkE. coli single colonies after cloningakaigenomic DNA sequence under its own
promoter into Gateway destination vector pGKGV®amplel to 4 werePCR products
from four individual single colonies(c) The schematic of recombinaktakarGFP
constructs;Kan™: kanamycin resistance for planBASTA*: BASTA resistance for

plants

Figure 3.12 Checking positive HakeGFP T; plants by PCR(a) HakairGFP inhakai

37 mutant backgroun&ample 1 t® represensix individual T, plants.(b) HakatGFP

in WT backgroundSample 1 to 3 represent three individUgplants.
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To generation of HakaGFP lines withKan resistance were planted on 1/2 MS
medium plus 5@ng-L* Kanto screen homozygous lines and those with BASTA
resistance were planted on vertical plates containing 1/2 MS medium to screen
for the homozygous lines by viewing GFP signals in all seedlings. Two
homozygous HakaGFP lines were discovered in botlakai 37 mutant
background andlVT background (Figure B3). These lines werermed Hakai
GFPhaka#2, HakaiGFPhaka#5, HakaiGFP/WT#1 and HakaiGFP/WT#2.
Among them, HakaGFP/WT#1 harbours BASTA resistance while others are
resistant taKan. Analysis of GFP sigal by confocal microscop showed that

HakaiGFP wasprimarily localised in the nuclei of root tips amdR initiation

sites (Figure 34).

Figure 3.13 10-d old homozygous Hak#&FP lines planted on 1/2 MS medium plus

Kan. (a) HakatGFPhaka#2. (b) HakatGFP/WT#2. Scale bar = 1 cm.
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Figure 3.14 The localisation of HakaFP in rootsof HakaitGFPhakai (a) Root tip
of a primary root.l§) A lateral root initiation site.d) A formed lateral root. Scale bar =

100 & m.

3.4.4 Transcriptional Levels ofHakai in hakai Mutants and Hakai-GFP

Lines

Northern bloting demonstrated that the transcriptdHaikai in Hakai CRISPR
mutants akai 37 andhakai 21) were completely knocked out while that in
Hakai T-DNA insertion mutant 217A12 wamsuch reducedand truncated
relative to that in the wildype Arabidopsis(Figure 3.5). In contrast, the
complementation linelakarGFPhakai#2 only showed very strongakarGFP
transgene transcript while Hak@FP line n WT background Kakar

GFP/WTH#1) showed both transcripts (Figure 3)1
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Figure 3.15 Transcriptional level oHakai checked byworthern blotting Top: northern
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3.4.5m°A Levels in hakai Mutants and the Complementation Line

mPA measurement by twdimensional TLC analysigigure 3.B) showed that
the m°A level in hakai mutants especiallyHakai CRISPR mutantswas
significantly less than that in the witgipe Arabidopsis with a 3344% reduction
(Figure 3.T7). In contrast, than®A level in the complementation linelakak

GFPhakai#2 recovered to the wildype level(Figure 3.77).
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Figure 3.16 Two-dimensional TLC analysis of % levels (@) WT. (b) hakai37. )

217A12. () HakaiGFPhakai#2. Spots representing® are pointed with red arrows.
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Figure 3.17 Summary of PA levels checked by twdimensional TLC analysiData
representmean + SEM fronthree biological replicates arstatistically significant

differences relative toWT were analysedy OneWay ANOVA and marked with

asterisls (7, p<0.01;™, p<0.00).
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3.4.6 Root Phenotypes diakai Mutants and the Complementation Line

Though abovaground phenotypes bfakaimutants resemble WT, our culiig

of seedlings on petri dishes implied that mbRs formed inhakai mutants.
Thus, we compared root development in WT dradkai mutants vertically
cultured on 1/2 MS plus different concentrations of sucrose. Gendrakbi,37

and 217A12 showed significantly shorter primary roots on lower concentrations
of sucrose (0%w/v, the same for the following onesl% and 2%) relative to
WT butthis wasnhot the case fonakai21 (Figure 3.Ba). However, this trend
was no longer lovious on higher concentrations of sucrose (3%, 4% and 5%)
(Figure 3.14). In terms ofLR development, thoughakai 37 demonstrated
fewer LRs compared with WT on 1% sucrose, all thihedéai mutants showed
dramaticallyincreased_Rs on higher concentration$ sucrose, particularly on
4% sucrose Kigure 3.Bc,d). Because leaves of some seedlings on higher
concentrations of sucrose became purple, an implication of being strasded,
osnotic stress may be the primary stress under our culturing conditians,
culturedWT andhakaiseeds on 1/2 MS plus different concentrations of sorbitol
(0 mM, 29 mM, 58 mM, 87 mM, 116 mM and 148 of sorbitol, equals 0%,
1%, 2%, 3%, 4% and 5% of sucrose, respectively). The statistical data showed
that numbers of.Rs on diferent concentrations of sorbitol demonstrated the
same trend: except fdrakai 37, which showed moré&Rs upon all tested
concentrations of sorbitdhedifference of the number &Rs between WT and

the other twdhakaimutantswere indistinguishabléSuplementary figure 3.2).
Taken together, it suggests that increak®&$ in hakai mutants on higher

concentration of sucrose might not be a consequence of being stressed.
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The root development in the complementation line hakai 37, Hakar
GFPhakai#2, was aso compared with WT artthkai37 cultured on 1% sucrose
and 3% sucrose. On 1% sucrddekarGFPhaka#2 behaved similarly to WT,
complementing shorter primary roots deder LRs ofhakai37 (Figure 3.9).
Very strangelyHakairGFPhakai#2 also demonstrated significantly increased
number ofLRs as that iftakai37 on 3% sucrosether than complementing the

phenotype ohakai37 (Supplementary figure 3.3)
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Figure 3.18 Root phenotypes dfakai mutants compared with WT vertically cultured
on 1/2 MS plus different concentrations of sucrg@eRoot lengths of &l old seedlings.
(b) Root lengths of @l old seedlingsd) The number of lateral roots oftBold seedlings.
(d) The number of laterabots of 9d old seedlings. Bta represennean + SEM and
statistically significant difference compared with WTvia OneWay ANOVA are

marked with asterisk(", p<0.05;", p<0.01;™, p<0.00).
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Figure 3.19 Root phenotype of-8 oldhakai37 and its complementation line vertically
cultured on 1/2 MS plus 1% sucro$a The image of cultured seedlings. Scale bar =1
cm. () Statistical data showing primary root lengths and the number of lateral roots.
Data represemhean + SEM andatistically significant differencecompared with WT

via OneWay ANOVA aremarked with asterisk("™, p<0.01;™", p<0.00).

3.5 DISCUSSION

3.5.1 The Efficiency of CRISPRCas93mediated Mutagenesis

Previous studieshave shown that the CRISPRCas9 systemcould be
successfully used in editing plant gena@(iéeng et al., 2013, 2014; Li et al.,

2013; Nekrasov et al., 2013; Shan et al., 2013; Upadhyay et al., 2013; Brooks et
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al., 2014; Jiang et al., 2013, 2014; Liang et al., 2014; Zhang et al., 2014; Butler
et al., 2015; Lawrenson et al., 2015; Ma et al., 2015; Khi&hboshi et al., 2017).
Thesestudies also illustrate that the mutagenesis efficiency of this system varies
among different plant species, normally higher in tobacco and tomato than in
Arabidopsis(Li et al., 2013; Nekrasov et al., 2013; Brooks et al., 2014). In
Arabidopsis CRISPRCas9 inducedmutagenesis is predominantly single
nucleotide changes or short deletions while that in tobacco and tomato can be
considerable DNA deletions or substitutighset al., 2013; Brooks et al., 2014;
Feng et al., 2014). Feng et al. (20fg)ndthat gene modifications via CRISPR
Cas9 detected iArabidopsisT: plants occuied mostly in somatic cells, and
consequently there are negdlants that are homozygous fogene modification
eventHomozygous gene modifications causedRISPRCas9occur from the

T2 generation and are heritable in the following generations (Feng et al., 2014).
However, Ma et al. (2015)id find homozygous mutagenesisAnabidopsisT1

plants but with very lowfrequency (1.7%). In contrast, the homozygous
mutagenesis accounts for 24.7% in the first generation of rice transformants (Ma
et al.,, 2015). Likewise, homozygous mutagenesis via CRIS&® can be
found in the first generation of traformed tomato plants (Brooks et al., 2014).
The high mutagenesis efficienof CRIPSRCas9depends on the occurance of
CRIPSRCas9mediated mutagenesis igerm cells and only mutagenesis
happens in germ cells can be inherited into the next generékierefore Cas9
driven byCaMV 35Spromotermight not be efficiently expressed igermcells

of Arabidopsis Consequentlythe CRIPSRCas9mediated mutagenesis could

not take place efficiently in germ ceti§ Arabidopsis
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The process of screening CRISERs9mediated mutagenesis targetidgkai

in this study confirms conclusions in previous studies. Screening a large number
of plants to discover the homozygdwskaimutants indicates the low efficiency

of CRISPRCas9 systenin Arabidopsis As to the mutation type, only one
nucleotide deletion or addition was found in this study, but the mutation was
stably inheritable because the backcrossed lines and plants in the subsequent
generations of the homozygous mutant lines shathedsame mutation. The
different mutagenesis efficiency of two chosen sgRNA targets in the current
study verifies that the efficiency of mutagenesis via CRIERR9 is partially
dependent on the selected target sequence itself. Surprisingly, our northern
blotting demonstrated that the transcripHafkaiin Hakai CRISPR mutants was
efficiently knocked out, which may be regulated by some decay pathways, such
as nonsensmediated mMRNA decay (NMD) pathway. NMD is a quatigntrol
mechanism that eliminates exbant transcripts that contain premature
termination codons, thereby preventing the accumulation of truncated,
potentially deleterious proteins (Shaul, 2015). The mechanism contrtikng
extremelyefficient reduction ofHakai transcript upon CRISPRas9mediated

mutagenesis is an interesting question to answer.

3.5.2 Hakails Required for Full méA Methylation

Though mammalian Hakai has been shown as an interacting partner of WTAP
in cell cycle regulation, it has not been suggested as a member of mammal
mPA writer complex Horiuchi et al., 2018 Our previous co

immunoprecipitationassaydemonstrates that Hakai is involved in thlant
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MTase complex (RTgilka et al., 2017).
elucidating the role of Hakai in ¥ modification. Them®A level in hakai
mutants reduced by38344% whereas that in the complementation line recovered

to the wild-type level, whichproves that the existence of Hakai contributes to
the full mPA abundance irirabidopsisand suggests that Hakia a bona fide
member of the MTase complex. In contrasBAntevel in fip37 or virilizer
knockdown mutants is more reduced, which is comparable to the decrease in
ABI3A6 (Bodietal.,, 2012RT g i | ka & tn adaition, full Khd&Kkodt of

MTA, MTB, FIP37 or Virilizer is embryo lethglVespa et al., 2004; Zhong et

al., 200®; Bodi et al ., 2 0 Wikereashd@Kpignotkéur et
mutant resembles WTTherefore, the function of Hakai in the MTase complex
may not be as important as other members or thagebesome special roles of
Hakai acting as a member of the complES. ubiquitin ligases usually target
proteins for decay by ubiquitination. Thenefowe had thought that Hakai could

be a negative regulator and¢Anmight go up in thénakaiknockout mutant but

in fact this was not the case. It is still possible that Hakai may be a negative
regulator but also is physically required as a component eofirfid\ writer
complex. Perhaps the complex integrity is compromised when it is mthated
there is less fl\, even if it acts to negatively regulate protein(s) in the complex

under specific developmental/environmental conditions.

3.5.3 APossibleRegulatay Role of Sugar Signal on hakai Phenotypes

It is well-known that auxin is a key signal during LR developm@ats{miroet

al., 2003). The process @frabidopsisLR development and auxin signalling
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pathwayare detailed in Chapter 5. Aside from auxin, multiple environmental
factors and nutritional cues also influence LR formation (Bellini et al., 2014).
Soluble sugars, such as sucrose and glucose, Affgntiopsid_R development

in a complicated manner due geveral reasons (Gibsa2Q05. Firstly, plants

have multiple sugaresponse pathways and sugars can be sensed directly or act
as signding molecules. Secondly, alterations in sugar flux or in carbon/nitrogen
ratios rather than sugar or sugaetabolite ¢vels may be actually involved in

the sugar response (Gibs@®05. One example is tharabidopsisseedlings
grown on nutrient media wita high sucrose to nitrogen ratio show dramatically
repressed Linitiation (Malamy and Ryan, 2001Thirdly, sugar gnalling also
Acrtoadlskso with numerous ot her2009gdnct or s,
addition, sugars can also affect osmotic potentials apart from as signalling

molecules, complicating the understanding of sugar response (G2,

In the current study, significantly increased LR formatiorhakai mutants on
higher concentrations of sucrose (>3%) which could not be mimicked by
seedlings cultured on the same concentrations of sorbitol indicates the
interaction between sugar signalling aHdkai in regulating LR formation,
though this phenotype could not be changed by the complementation with the
wild-type Hakai transgene on 3% sucrose and twadai mutanti hakai 37
demonstrated significantly fewer LRs on 1% sucrdseaddition, HakaiGFP

was primarily localised to root tips and LR initiation site, consistent with the
localisation of MTA gZhong et al., 2008band other members of the MTase
complex (not shown). This suggests a general role ¥ modification in

mediating root developmerAs to the reason why Hak&FPhakaicould not
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complement the root phenotypeshakai37 on 3% sucrosdt may be due to the

fact that the generatedakai-GFP construct is not identical to the natural
endogenousiakai gene (without 3UTR and maybe not iteding theintact5'

UTR) or 3% sucrose (possibly represent
different set of gene expression changes compared with the influence of 1%

Sucrose.

The participation of E3 ubiquitin ligases involved in other pathways in
regulating LR development has been reported €Xial., 2002;Siboutet al.,
2006). One example is SINATanArabidopsishomologue of the RIN@inger
Drosophila protein SINA It can ubiquitinate NAC1, which functions
downstream of auxin signalling modwded transduces the auxin signal for LR
development. The ubiquitination of NAC1 by SINAT5 reduces the LR formation
(Xie et al.,, 2000, 2002). Another E3 ubiquitin ligas@DNSTITUTIVE
MORPHOGENIC 1(COP1) directly interacts withheé basic leucine zipper
transcription factor HY5 a positive regulator of photomorphogenesis, and
promotes its proteasonmediated degradation (Holm et al., 2002). HY5 has
also been implicated in negatively regulating auxin signalling pathway as the
hy5mutant shows accelerated L&thation Siboutet al., 2006). This indirectly
suggests a role of COP1 in regulating LR development. As an E3 ubiquitin ligase,
it is possible that Hakai plays a regulatory role in LR development with or

without the involvement of sugar signalling.
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3.6 CONCLUSIONS

In conclusion, two homozygousakai knockout mutants were generated via
CRISPRCas9 ané homozygousblakaiintron-located FDNA insertion mutant
was alsoused forcharacteriation. The complementation line (termed Hakai
GFPhakai was generated by transforming dmekai knockout mutant with a
construct containingdakai genomic DNA under its own promoter and with a
GFP tag downstream. The transcript lékai was undetectable itHakai
CRISPR mutants and was much reduced and truhcateHakai T-DNA
insertion mutant relative to that in WT. ThA level in hakaimutants wag$3-
44% reduced compared witlhat in WT and the normal nfA level could be
restored in HakatGFPhakai hakai mutants demonstrated variable root
phenotypes under fiierent conditions but generally showetdtreased.Rs on
higher concentrations of sucrose (>3%). In additiéakarGFP was primarily
localised to root tips and LR initiation siteégaken together, Hakai i®quired
for full m®A methylation andnay interact with sugar signalling in regulating

ArabidopsisLR development.
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3.8 SUPPLEMENTARY FIGURES

@ CTTGTTTACCTCTGACCAACTTGGGCGCGCCTGCAGCCTTCAAGTACTTICGACACCACCATAG
ACAGAAAGCGGTACACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATT
ACGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTCGGTGGAGACAGCAGGGCTGACCC
CAAGAAGAAGAGGAAGGTGTGAGCTTGTCAAGCAGATCGTTCAAACATTTGGCAATAAAGTT
TCTTAAGATTGAATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTCTGTTGAATTACGT
TAAGCATGTAATAATTAACATGTAATGCATGACGTTATTTATGAGATGGGTTTITATGATTAG
AGTCCCGCAATTATACATTTAATACGCGATAGAAAACAAAATATAGCGCGCAAACTAGGATA
AATTATCGCGCGCGGTGTCATCTATGTTACTAGATCGACGCTACTAGAATTCGAGCTCGGAGT
GATCAAAAGTCCCACATCGATCAGGTGATATATAGCAGCTTAGTTTATATAATGATAGAGTCG
ACATAGCGATTGATTACGGTGGTGGGAGTCAGTTITTAGAGCTAGAAATAGCAAGTTAAAATA
AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTICTAGACCCAGC
TTTCTTGTACAAAGTTGGCATTACGCTTTACGAGGATGCACATGTGACCGAGGGACACGAAGT
GATCCGTTTAAACTATCAGTGTTTGACAGGATATATTGGCGGGTAAACCTAAGAGAAAAGAG
CGTTTATTAGAATAATCGGATATTTAAAAGGGCGTGAAAAGGTTTATCCGTTCGTCCATTTGT
ATGTGCCAGCCGTGCGGCTGCATGAAATCCTGGCCGGTITGTCTGATGCCAAGCTGGCGGCCT
GGCCGGCCAGCTTGGCCGCTGAAGAAACCGAGCGC

b CTTGTTTACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCAAGTACTTICGACACCACCATAGA
CAGAAAGCGGTACACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTA
CGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTCGGTGGAGACAGCAGGGCTGACCCC
AAGAAGAAGAGGAAGGTGTGAGCTTGTCAAGCAGATCGTTCAAACATTTGGCAATAAAGTTT
CTTAAGATTGAATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTCTGTTGAATTACGTT
AAGCATGTAATAATTAACATGTAATGCATGACGTTATTTATGAGATGGGTTTTTATGATTAGA
GTCCCGCAATTATACATTTAATACGCGATAGAAAACAAAATATAGCGCGCAAACTAGGATAA
ATTATCGCGCGCGGTGTCATCTATGTTACTAGATCGACGCTACTAGAATTCGAGCTCGGAGTG
ATCAAAAGTCCCACATCGATCAGGTGATATATAGCAGCTTAGTTTATATAATGATAGAGTCGA
CATAGCGATTGTTCACGGGATTGTTGCAGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCT
TTCTTGTACAAAGTTGGCATTACGCTTTACGAGGATGCACATGTGACCGAGGGACACGAAGT
GATCCGTTTAAACTATCAGTGTTTGACAGGATATATTGGCGGGTAAACCTAAGAGAAAAGAG
CGTTTATTAGAATAATCGGATATTTAAAAGGGCGTGAAAAGGTTTATCCGTTCGTCCATTTGT
ATGTGCCAGCCGTGCGGCTGCATGAAATCCTGGCCGGTTITGTCTGATGCCAAGCTGGCGGCCT
GGCCGGCCAGCTTGGCCGCTGAAGAAACCGAGCGCCGCCGTCTAAAAAGGTGATGT

C CTTGTTTACTCTGACCAACTTGGGCGCGCCTGCAGCCTTICAAGTACTTCGACACCACCATAGA
CAGAAAGCGGTACACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTA
CGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTCGGTGGAGACAGCAGGGCTGACCCC
AAGAAGAAGAGGAAGGTGTGAGCTTGTCAAGCAGATCGTTCAAACATTTGGCAATAAAGTTT
CTTAAGATTGAATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTCTGTTGAATTACGTT
AAGCATGTAATAATTAACATGTAATGCATGACGTTATTTATGAGATGGGTTTTTATGATTAGA
GTCCCGCAATTATACATTTAATACGCGATAGAAAACAAAATATAGCGCGCAAACTAGGATAA
ATTATCGCGCGCGGTGTCATCTATGTTACTAGATCGACGCTACTAGAATTCGAGCTCGGAGTG
ATCAAAAGTCCCACATCGATCAGGTGATATATAGCAGCTTAGTTTATATAATGATAGAGTCGA
CATAGCGATTGATTACGGTGGTGGGAGTCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCT
TTCTT TTACGGAGTGATCAAAAGTCCCACATCGATCAGGTGA
TATATAGCAGCTTAGTTTATATAATGATAGAGTCGACATAGCGATTGTTCACGGGATTGTTGC
AGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTTTTITCTAGACCCAGCTTTCTT

(Figure legend on next page)
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Supplementary figure 3.1 The sequencing results of completed CRISPR constructs for
knocking out Hakai. (a) HakairCRISPRM. (b) HakarCRISPRZ®. () Hakar
CRISPRcr. Nucleotides in purple represent part sequenc€ad9 those in blue
representAtU6 promoter; those in red represent sgRNA target sites; those in yellow

background represent overhangs in Golden Gate cloning.
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Supplementary figure 3.2 Root phenotypes dfiakai mutants compared with WT
vertically cultured on 1/2 MS plus different concentrations of sork@pThe number
of lateral roots of &1 old seedlingsk) The number of lateral roots ofdold seedlings.
Data represemhean + SE and satistically significant differencecompared with WT

via OneWay ANOVA aremarked with asterisk(”, p<0.01;™, p<0.00).

152



[EnY
ISy

*kk

Number of lateral roots
= P
EN (o)) oo o N

N

WT hakai 37 Hakai-GFP/hakai#2
Supplementary fgure 3.3 The number of lateral roots ofd® old hakai 37 and its

complementation line vertically cultured on 1/2 MS plus 3% suctoata represent
mean + SEM andtatistically significant differencecompared with Wvia OneWay

ANOVA aremarked with asterisi("™, p<0.00]}.
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CHAPTER 4 STUDYING INTERACTIONS AMONG COMPONENTS

OF THE MTASE COMPLEX

4.1 ABSTRACT

The methyltransferase (MTase) complex responsible fér formation (nfA

writer complex) inArabidopsiscomposes of MTA, MTB, FIP37, Virilizer and
Hakai. However, how these proteins interact with each other remains unclear.
Thus, the current study focused on elucidating their interactions based on
generating and characterising double mutants féx writer proteins and GFP
tagged rBA writer proteins irhakai mtaor fip37 mutant backgrounds, followed

by GFP expression assays and proteomic analysis. Among all generated double
mutants, mta hakaj mta virilizer double mutants showed more severe
developmental dects than corresponding single mutants, suggesting MTA,
Hakai and Virilizer function in concert to regulate the same developmental
processes. Likewise, Hakai acts synergistically with FIP37 and ViriliZzeaikes

fip37 and hakai virilizer seem to be lethaln contrast, MTA functions as a
suppressor of FIP37, supported by the fact that the knockdoMii Apartially
rescued the severe developmental defectBp8f7 while the introduction of
MTA-GFP transgene caused stronger defeftép37. The pulldown analysis
revealed that Hakai interacts with MTA, FIP37 and Virilizer while its interaction
with MTB is much weaker. In addition, one heat shock protein (HA$J@nd

two zinc finger proteins (AT1G32360 and AT5G53440) werguofied with

both MTA and Hakai and the interaction between MTA and AT1G32360

disappeared upon the knockoutHdikai. Collectively, Hakai is an important
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member of the MTase complex and acts synergistically with other members in
regulating weltuned miA modification aad the growth and development in
Arabidopsis Additionally, zinc finger proteins might be novel members of the
mPA writer complex, but their function(s) in mRNA methylation needs further

investigation.

4.2 AIMS AND OBJECTIVES OF THIS CHAPTER

Members ofthe plant A MTase complex identified to date include MTA,
MTB, FIP37, Virilizer and Hakai. However, how they interact with and affect
each other remains largely unknown. The aim of the study in this chayter
elucidate interactions between differemémbers of the MTase complex based

on crossing to generate double mutants and-tag§ed rBA writer proteins in

hakai mtaor fip37 mutant background§.he generation and analysis of double
mutants related to $A writer proteins may show ushether theyact in a
cooperative manner in regulating plant growth and development processes
modulated by #A. The analysis of crossing progenies between transgenic lines
containing GFRagged rRA writers andm®A mutants except for itselfe.g.,
HakatGFP/WT crossed ith fip37) will aid the comparation of the interacting
partners of one A writer protein with or without the presence of anoth€Am
writer protein and thisvill further elucidate the interaction between these two
mPA writer proteirs. By undertaking r?A measurements, plant phenotyping,
GFP localisation analysis, GHRgged protein expression assays and proteomic
analysis using the above transgenic lines, it is hoped that a fuller understanding

of the plant MTase complex will emerge.

155



4.3 PLANT MATERIALS AND METHODS

4.31 Plant Materials

TransgenicArabidopsislines used in this chapter inclubaekai mutants akai

37 and 217A12), ABISA6SALK _074069with T-DNA inserted inexon 4 of

MTA genomic DNAand complemented wittMTA codingsequenceariven by

ABI3 promote}, fip37 (SALK_018636with T-DNA inserted in intron 7 of
FIP37 genomic DNA, virilizer (G to A mutation at the beginning of intrérof
Virilizer genomic DNA which disrupts) MEAsGFRcor r ec
(SALK _114710with T-DNA inserted in exon 6 oMTA genomic DNAand
complemented wittMTA coding sequencender its own promoter, with GFP

tag downstream), HakatGFPhakai#2, HakatGFP/WT#1, MTA-GFP/WT

(MTA coding sequencender its own promoteén WT backgroundwith GFP

tag downstream), MTBGFP MTB genomic DNA under its own promoter
mtbmutant background, witBFP tagdownstream) and VirilizeGFP Virilizer
genomic DNA under its own promoter, with GFP tag between them). Apart from
hakai 37 and HakalGFP lines, dier above lines were generated by previous
researchers in our lab or by collaborators in other research institutes (detailed in

Table 2.1).

4.32 Generationof FIP37-GFP Line

The FIP37-GFP construct was generated by Gateway cloning using ready

use Gateway entry vectdfIP37p-gDNA-pDONR(Amp’), which contains
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FIP37 genomic DNA (without stop codon antdUBTR) under its own promoter

and has ampicillin resistance for growth Hn coli (generé&ed by previous
researchers in our group). It was confirmed by sequencing prior tBI&$¥p-
gDNA-pDONR(AmMp) was then reacted with Gateway destination vector
pPpGKGWG in the presence oBGatewa§ LR Clonasé I Enzyme Mix
(Invitrogen). After transforminghie reaction mixture ta@wompetentE. coli
OneShot TOP10 cells and analysing the transformants by PCR, plasmids were
prepared from correct single colonies and transformejtobacteriumstrain

C58 together with pSoup plasmid.

After floral dip transformation to wildypeArabidopsis T1 plants were screened
by planting © seeds on 1/2 MS medium plus B@-L* Kan. Positive T plants
were transplanted to the compost and confirmed by PCR. InthenEration,
homozygous lines werscreened by planting 48D seeds on 1/2 MS medium
containing 50mg-L* Kan. Afterwards, GFP signal was checked by confocal

microscopy (Leica TCS SP5).

4.3.3Crossing

To further study the role of Hakai in the MTase complex and facilitate the study
of the interactions between different components of the MTase complex, crosses

were made between different mutants and between mutants anth@jee

lines. Crosses to be carried out are listed in Table 4.1.
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Table 4.1 Summary of crosses to be made

Femaleparent Male parent Aim of cross

217A12 ABI3A6 To obtainmta hakaidouble mutant

ABI3A6 hakai37 To obtainmta hakaidouble mutant

ABI3A6 fip37 To obtainmtafip37 double mutant

fip37 hakai37 To obtainhakai fip37double mutant

hakai37 virilizer To obtainhakai virilizer double mutant

ABI3A6 virilizer To obtainmta virilizerdouble mutant

hakai37 MTA-GFP To obtain MTAGFP line inhakai mutant
background

hakai37 MTB-GFP To obtain MTBGFP line inhakai mutant
background

hakai37 FIP3%-GFP/WT To obtain FIP37GFP line inhakai mutant
background

hakai37 Virilizer-GFP To obtain VirilizerGFP line in hakai
mutant background

HakatGFP/WT#1 ABI3A6 To obtain HakaiGFP line inmta mutant
background

FIP37-GFP/WT ABI3A6 To obtain FIP37GFP line inmta mutant
background

fip37 HakaiGFP/WT#1 To obtain HakalGFP line infip37 mutant
background

fip37 MTA-GFP/WT To obtain MTAGFP line infip37 mutant

background

4.3.4Screening Double Mutants

Because the low ?A line, ABI3A6, demonstrates specific phenotyjpesushy

and crinkled rosette leaves and shorter inflorescence internode |éBgthst

al., 2012), therefore, to easily screen progenies from crosses with ABI3A6, F
plants showing ABI3A6 phenotypes werdexted and then further checked by
PCR to confirm them as homozygotes for SALK _074089NA insertionand
containing the ABI3.::MTA construct. In the # generation, screening
homozygous mutant alleles for the other gene was carried obiebgstriction
enzyme site loss method (Voytas, 2013 and further sequencing fdrakai,

genotyping PCR fofip37, and sequencing foririlizer. For crosses between

hakai37 andfip37, i plants which were very tiny (resemblifig37 phenotypes)
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were confirmed by genotyping PCR as homozygoteSAuK 018636T-DNA
insertionand the next generation was used for screening homozygkas
mutant alleles. Asvirlizer showed very severe developmental defects and
produced very few seeds under the cbods in our phytotron screening of
hakai virilizer double mutant started witbekecting homozygousakai lines
which were heterozygous feirlizer in the k. generation, followed by screening
for homozygousvirilizer mutant alleles in thesFgeneration Primers used in

screeningarelisted in Appendix 1

4.3.5 Screening MutantsCrossed withGFP-tagged Lines

In the k generation, the presence GFP-tagged transgene was confirmed by
PCR using the forward primer on the transgene and the reverse GtePar

by checking the GFP signal undbe StereoFluorescene Microscope (Leica)

The presence of mutant alleles was confirmed using methods as above in 4.3.4.
In / andthesubsequent generations, homozygous mutant alleles were screened
from GFRpositive lines. Finally, lines homozygous for boBFP-tagged
transgenes and mutant alleles were used for the following an#yisiers used

in screeningrelisted in Appendix 1

4.3.6 Protein Expression Assay in Progenies bakai 37 Crossed with

GFP-tagged Lines

GFPRfused protein levels inriginal GFRtagged lines and crossing progenies

with hakai 37 were analysed by western tilog according to the protocol
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detailed in 2.16. The GFP antibody used is a mixture of two monoclonal

antibodies frommaasie | g G1-Aldrich$.i g ma

4.3.7Proteomic Analysis

In this part, culturing of plant materials and crosslinking were carried out in the
University of Nottingham and the following procedures prior to mass
spectrometry analysis were carried out duringias it t o Gor don

lab, the University of Dundee, following the protocol established by their group.

4.3.71 Chemicals

1% (v/v) formaldehyde: Dilute from 37% (v/v) formaldehyde (Sightdrich)

using cold sterile water just before use.

2 M glydne: Dissolve 150.14 g glycine powder (MW = 75@%ol ™) in 1 L of
sterile water. Keep at’€ after filter-sterilisation.

HONDA buffer (for nuclei isolation): 20 mMepes KOH pH .4, 10 mMMgCly,
440 mM sucrose€l.23% (v/v) Ficoll, 2.5% (v/v) Dextran T4®.5% (v/v) Triton
X-100, 5 mM DTT, 5 mM PMSF, 1% (vh\Rlant Proteasénhibitors (Sigma
Aldrich). Store at 4C and add DTT, PMSF andélant Proteasénhibitorsjust
before use.

Nuclei lysis buffer: 50 mMTrris-HCI pH 8.0 10 mMEDTA pH 8.0 1% (w/v)
SDS, 1 mM PMSF, 1% (viviPlant Proteasénhibitors. Store at 4 and add

PMSF andPlant Proteaslhibitorsjust before use.
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IP dilution buffer: 16.7 mMTrris-HCI pH 8.0 1.2 mMEDTA pH 8.0 167 mM
NacCl, 1.1% (v/v) Triton X100, 1% (v/v)Plant Poteasdnhibitors Store at 4C
and addPlant Proteaslhibitorsjust before use.

Beadswashingbuffer: 20 mM Tris-HCI pH 8.0 150 mM NaCl, 2 mMEDTA
pH 8.0 1% (v/v) Triton %100, 0.1% (w/v) SDS, 1 mM PMSF. Store &4nd

add PMSF just before use.

4.37.2 Crosdinking via formaldehyde

Two-week old seedlings were prepared on round petri dishes containing 1/2 MS
and 1% (w/v) sucrose as described in 2.1. Freshly harvested seedlings were
placed in a beaker and washed with cold sterile water for 4 t8eeslings were

then soaked in 1% (v/v) formaldehyde with the beaker inside a desiccator and
the vacuum orfior 15 min. Afterwards, the vacuum was removed gently and 2
M glycine solution (to a final concentration of 0.125 M) was evenly added onto
the top ofthe formaldehyde solution and mixed well to quench the crosslinking
reaction. The vacuum was turned on for another 5 min and then gently removed.
Crosslinked seedlings were washed with cold sterile viater times and then

dried between several sheetsissue paper. Finally, seedlings were divided into

50 ml Falcon tubes. After snap freezing in liquid nitrogen, frozen samples were

kept at-80°C until use.
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4.3.73 Nuclei isolation

Frozen samples were ground into powder and divided into 50 ml tulties w
about 7.5 ml of powder in eachhe nuclei isolation was performed as follows
with all samples and solutiorkept on ice all the timgl) 6 tubes were dealt
with in one preparation; thus, 6 new 50 ml tubes and a clean glass beaker were
prepared on ic€Enough pieces of miracloth and a funnel were also prepared. (2)
3 tubes were placed on ice dafsiml of HONDA bufferwere added to each tube
and mixed well. Afterwards, this step was repeated for the remaining 3(8ipes.

A funnel was placed on top of a new 50 ml tube and 2 layers of miracloth were
placed inside the funnel. (4) The extract from one tube was filtered through the
miracloth and squeezed to extract as much nuclei as possible from the miracloth.
(5) The miacloth was rinsed in a beaker with ml of fresh HONDA buffer(6)

The rinsed miraclothvas squeezed again tecoverthe remaining buffer with
nuclei to the beake(7) The extract from the beaker was filtered throagtew
layers of miracloth to theame tube as that in step (3). (8) The filtrates were
stored on ice. (9) Steps (@) were repeated for the remaining 5 tubes. (10)
Tubes were equilibrated using HONDA buffer and centrifuged at 2,000 g for 17
min at £C. (11) The supernatant was carefullyneved and each pellet was
resuspened in 1 ml of HONDA buffer. (12) The mixture from each 50 ml tube
was transferred to a 1.5 ml Protein LoBind tube (Eppendorf). (13) Tubes were
centrifuged at 1,500 g for 15 min at 4°(Q14) The supernatant was discarded an
the pellet was washed again using 1 ml of HONDA buffer. (15) After
centrifuging atL,500 g for 15 min at 4°Gupernatants were discarded and pellets

were used for the subsequent nuclei lysis.
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4.3.74 Nuclei lysis

Pellets from the last step were resusjex in500 pl of Nucleilysis buffer and

then samples were sonicatesing waterbath sonicator (Diagenode Bioruptor
200) on low power with 4 cycles of 30 s ON and 60 s O&terwards, tubes
were centrifugect 16100 g for 15 min at 4°CDuring this pend, 12.15 ml of

IP dilution buffer was prepared irll& ml falcon tubg?2 tubes in total) for sample
dilution. After centrifugation, three samples of the same genotype were pooled
together by taking50 pl of the supernatatd a 15 ml tube containing IRation

buffer.

4.3.75 Immunoprecipitation

GFPR-Trap agarose bead€hromoTel were prepared by pweashing 17ul of
beads using IP dilution buffer for 3 times and resuspended ipl2£0P dilution
buffer. Beads were equally divided into 2 tubes of diluted protein samples and
incubated for 5 h at°C with rotation Subsequently, tubes were centrifuged at
200 g for 3 min a#4°C. Most of the supernatant was removed carefully and
leaving alout 1 ml at the bottom of the tubéeads were resuspended and
transferred to a 1.5 ml Protein LoBind tube. Afterwards, beads wasked3

times with Beadsvashing buffer Between washes, tubes werentrifuged at

400 g for 2 min at 4°C. After the last 8fg as much of the liquid as possible was
removed using yellow or white tips and tubes containing beads were frozen in

liquid nitrogenandstored at-80°Cuntil use.
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4.3.76 Mass spectrometry analysis

Mass spectrometry analysis was performed by stafie Proteomics and Mass
Spectrometry Facility AFingerPrintso
of Dundee. In short tubes of beads after ptdown were pooled togethar

80 pl of 1x LDS sample buffer (Invitrogergs 1 biological replicatéSample
wereincubated at 90°C for 30 min to reversenialdehyde cro$isking. After

running samples on SDIBAGE gel, the gel for the same lane was cut into 5
slices.Protein samples were digested into peptidesypsinandthenanalysed

onLTQ OrbitrapVelos Pro mass spectrometer (Thermo Scientific).

4.3.77 Data analysis

Raw files corresponding to five slices from the same lane were merged togethe
in MaxQuant software. Peptidanalysis was performedia MaxQuant.
ArabidopsisUniprot protein databasgas used as a referendde MaxQuant
output files containing proteins that were identified in each sample were used for
further analysisusing Perseus softwarelhe Student-testwas used in the
statistical analysis for two samples (False discovery rate [FDR] {0afg were
visualised on a volcano plot and proteins were plotted based on their enrichment
versusthat in the wild typeusing label free quantification (LFQ) and the
significance was analysed based on the negative logarithm oi/tdagderived

from the ttest Elogid®¥@'9. Proteins thawwere significanty enrichedwere

separated fromther proteins by a hyperbolic curve.
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44 RESULTS

4 4.1 Generation and Characterisation of Double Mutants

4.4.1.1Homozygousta hakai double mutant

To generatanta hakaidouble mutant, we firstly tried crossitgkai 37 into
ABI3A6. The screening strategy forta hakaidouble mutantvas as followsF;
progenieshouldbe heterozygous f@MTASALK 074069 FTDNA insertion and
containthe ABI3::MTA construct.In the E generation, some plants should show
ABI3A6 phenotyps and be homozygous faviTA SALK 074069 FDNA
insertion. Genotyping PCR for £progenies showingABI3A6 phenotyps
confirmed that some of them were homozygousfoASALK 074069 FDNA
insertion(Figure 4.1a) and heterozygous féakai CRISPR target site (Figure
4.1b). Homozygousnta hakaidouble mutants (termethta haka#l) were
obtained in the fgeneration and they demonstrated more severe developmental
defects than ABI3A6 in terms of abogeound tissues (Figure 4.1c, 4.2).
Another cross between 217A12 and ABI3A6 confirmed stronger atpawend
phenotypes of homozygousta hakaidouble mutant @rmedmta haka#2)
(Figure 4.3). To analyse root phenotyp®asa haka#l and its parent lines were
planted on vertical plates containing 1/2 MS plus 1% (w/v) sucnusehakal
demonstrated significantly shorter primary roots and reduced lateral roots

compared with its parents (Figure 4.4, 4.5).
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WT 11 1-2 1-3 14 1-5 WT 11 1-2 1-3 14 1-5

965 bp—

el -— ~600 bp

MMMMMMMMMM

CCGWGrCTCCC»’«CC\CCG‘f«A CCGTG/‘&CTCCC«CC‘(‘CGT-\
Heterozygous F» Homozygous Fi
CCGTG C(;CCCCCCCCCGA/‘AY CCGTG ’\TCCC'\CC CCG;‘\AT

Figure 4.1 Screening Fand k generations of ABI3A6 crossed witiakai 37. (a)
Genotyping PCR to screery knes homozygous foMTA SALK_ 074069 FDNA
insertion. Lines 41, 1-2 and 14 were homozygoteshb) Sequencing profile showing an
F. line heterozygous fdrakai CRISPR target sitecl Sequencing profile showing an

Fs line homozygous foHakai CRISPR target site.

: _ | mta hakai#1

hakai 37 mia hakai#1
Figure 4.2 4-week oldmta haka#l double mutant and its parenBcale bar = 1 cm.
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mta hakai#2

217A12 mta hakai#2 ABI3A6

Figure 4.34-week oldmta haka#2 double mutant and its parenBcale bar = 1 cm.

ABI3A6 mta hakai#1 hakai 37

Figure 4.48-d oldmta haka#l and is parents planted on vertigdhtes containing 1/2

MS plus 1% (w/v) sucrosé&cale bar =1 cm.
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Figure 4.5Root phenotypes of-8 old mta haka#l and its parents planted on vertical
plates containing 1/2 MS plus 1% (w/v) sucrog® Root lengths.l{) The number of
lateral roots. Data represent mean + SEM and statistically significant differences were

compared by On#Vay ANOVA and marked with asterisks p<0.05;™, p<0.001).

4.4.1.2Homozygousta fip37 double mutant

To generatemta fip37 double mutantfip37 was crossed into ABI3A6. The
screening procedure was similar to that in 4.4.17 . pfegenies showing
ABI3A6 phenotypes were confirmed homozygousNorA SALK 074069 F
DNA insertion and very surprisingly, some of these plants wele
homozygous foFIP37 SALK 018636 FDNA insertion (Supplementary figure
4.1, 4.2). Phenotyping of the following generations confirmed ritat fip37
double mutant (denominated aga fip37) resembled ABI3A6, showing less

severe developmental defects thi@37 (Figure 4.6).
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ABI3A6 mta fip37

Figure 4.6 4-week oldmta fip37double mutant and its paren&cale bar = 1 cm.

4.4.1.3Lethal hakaifip37 double mutant

hakai 37 was crossed intéip37 to generatehakai fip37 double mutant. F
progenies showinfp37 phenotypes were checked to select those homozygous
for FIP37 SALK 018636 TFDNA insertion and heterozygous foHakai
CRISPR target site simultaneously (Figure 4.7, Supplementary figure 4.3).
Becausdip37 phenotypes can be recogrdsiom those planted on plates, F
seeds were planted on plates containing 1/2 MS plus 1% (w/v) sucrddakaid
CRISPR target site was checked thye restriction enzymesite loss method
(Figure 4.8). The screening results showed that 50 out of 73 (68.5%) seedlings
were heterozygotes and the rest (31.5%) were Blplementary table 4.1

No homozygous mutants ldkai CRISPR target site were found in all checked
Fs progenies, includindibse germinated but dead ones and those very tiny ones
(Figure 4.9,Supplementary table 4.1Thus, homozygoukakai fip37double

mutant appears to be lethal at a very early developmental stage.
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hakai 37 F, progeny

Figure 4.7 4-week old F; progeny offip37 crossed withhakai37. Scale bar =1 cm.

WT hakai 37 1 2 3 4 5
+ - + - + - + - + - + - +

~—365bp

-~ 187 bp
~—178 bp

Figure 4.8Screening theFgeneration ofip37 crossed witthakai37 atHakai CRISPR
target site by the restriction enzyme site loss metBadnples were loaded on 1.5%
(w/v) agarose get, undigested PCBroduct using primers flanking the CRISPR target
site; +, PCR product digested I8cH (an isoschizomer oMlyl having the same
recognition and cleavage specificity and working better Migt). Sample 1 to 5 were

five individual Fs plants offip37 crossed witthakai 37.
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Figure 4.9 2-week old i progenies ofip37 crossed witthakai 37. Those germinated
but dead ones and those very tiny ones (arrows) were heterozygous or Waké&br
CRISPR target site (Refer to Supplementary table 4.1, samples fipxh m18 and fipxh

m25). Scale bar =1 cm.

44.1.4Homozygousnta virilizer double mutant

To acquiremta virilizer double mutantyirilizer was crossed into ABI3AG6. In

the & generation, some of them showed ABI3A6 phenotypes while some were
very tiny, resemblingirilizer (Supplementary figuré.4). Thegenotyping PCR
confirmed that some of those showing ABI3A6 phenotypes were homozygous
for MTA SALK 074069 TFDNA insertion andcontained theABI3:MTA
construct whereas those resemblingrilizer were heterozygous foMTA
SALK_ 074069 TFDNA insertion or WT (Figure 4.10a,b). Because those
resemblingvirilizer were too sick to generate seeds, those homozygoisTiar
SALK_074069T-DNA insertionwere used for checkingrilizer mutagenesis
status. Most of them were heterozygousvioiizer G to A mutation (Figure
4.10c).
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WT A6 31 3-2 33 34 35 36 3-7 38 39 3-10 3-11 3-12 3-13

~—965 bp

WT
b c
WT A6 3-1 3-2 3-4 3-6 3-83-10 3-113-12

CTTTCAAAGGTATTACA

Heterozygous
~—T773bp QNMQ: “QQM“ M\f\z

10
CTTTCAAAGATATTACA

Figure 4.10Screening EFprogenies of ABI3A6 crossed W|thr|I|zer. (@) Genotyping
PCR to checMTASALK 074069 TDNA insertion. A6 refers to ABI3A6. Samples 3
5, 312, 313 resembledirilizer but were not homozygous fMTASALK 074069 F
DNA insertion. p) Those homozygous fdATA SALK 074069 FDNA insertion also
contained théBI3::MTA construct(c) Those homozygous f&df TASALK_074069 F
DNA insertion were WT or heterozygous farilizer G to A mutation (labelled with a

red arrow).

F> progenies homozygous fMTASALK_074069 TDNA insertion containing
the ABI3::MTAconstructand heterozygous feirilizer were further screened by
planting about 130 seeds on the square plate togetheviwlitter. Among all
geminated seedlings, only 4 were very tiny, even smaller thalizer
(Supplementary figure 8). Sequencing of thegetiny and 8 biggeseedling

showed that 3 of these 4 tiny ones were homozygousifitizer mutation

172



whereas all bigger ones were WT or heterozygouwifdizer (Figure 4.1}.
Screening of approximately 520 more seeds on plates by phenotyping and
seqiencing of relatively smaller seedlings did not give more homozygotes for
virilizer (Data not shown). Taken together, it suggests that homozygtas
virilizer double mutants account for a small amount among the segregating

progenies and exhibit more see@evelopmental defects relative to both parents.

a 4 2 3 4 5 6
7 8 9 10 11 12
b

WT, including samples 5, 10, 11 and 12

210 :
CTTTCAAAGGTATTACA

Homozygous, including samples 2, 3 and 4

210 220
CTTTCAAAGATATTACA

}
Heterozygous, including samples 1, 6, 7, 8 and 9

210
CTTTCAAAGATATTACA

Figure 4.11 Screening F progenies of ABI3A6 crossed witlvirilizer. (a)
Representative-@eek old k progenies of ABI3A6 crossed withirilizer. Scale bar =
1 cm. p) Sequencing profiles ofepresentative seedlings ia)( virilizer G to A

mutation site is labelled with a red arrow.
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4 4.1.5Lethalhakai virilizer double mutant

Similar to generating and screeninga virilizer double mutantyirilizer was

also crossed intbakai37. Mostof the F progenies looked normal, resembling
hakai 37, while several were tiny ones showwiglizer phenotypes. Though
those resemblingirilizer were homozygous faririlizer G to A mutation, they
generated only a few seeds or no seeds, which made the further screening too
difficult (Data not shown). Therefore, those homozygousHakai CRISPR

target site and heterozygous farilizer mutation were selected for further

screaing (Figure 4.12).

a WT b WT

140 150 210
CCGTGACTCCCACCACCG CTTTCAAAGGTATTACA

Homozygous
Heterozygous
140 150 210 220
CCGTGATCCCACCACCOG CTTTCAAAGATATTACA

Figure 4.12Sequencing profiles for.fprogenies ohakai37 crossed withvirilizer that
were homozygous fdlakai CRISPR target sitea] and heterozygous feirilizer G to

A mutation ). Mutation sites are labelled with redrows.

The Rk generation of those homozygous fdakai CRISPR target site and
heterozygous fovirilizer mutation was screened in the same way as screening
Fs progenies of ABI3A6 crossed witlirilizer. None of the geminated seeds
(around 130) demonstratedrilizer phenotypes and sequencing of some
relatively smaller seedlings and other bigger ones showed that none of them were
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homozygous fowirilizer mutation (Figure 4.13). Screening of more seedling
revealed that 22 out of 30 (73.3%) were heterozygous, WT accounted for 26.7%
and no homozygous ones could be fouSdipplementary table 4.2This

suggests that homozygolakai virilizer double mutant may be lethal.

WT, including samples 1, 7, 8, 11 and 12

210 220
CTTTCAAAGGTAT TACA

Heterozygous, including samples 2, 3, 4,

200 210 5,6,9and 10
CTITTCAAMAGATAY TACK

}

Figure 4.13 Screening k progenies ofhakai 37 crossed withvirilizer at virilizer

mutation site (a) Representative-®eek old k progenies ofhakai 37 crossed with
virilizer. Scale bar = 1 cmb} Sequencing profiles of representative seedlingg)in (

virilizer G to A mutatiorsite is labelled with a red arrow.

4.4.1.6 n}A levels in homozygous double mutants

mPA measurement via twdimensional TLC analysis using leaves frorwdek
old double mutants, their parent lines and WT planted on the compost revealed
that the abundanad mPA in mta haka#1, mtafip37 and ABI3A6 was 8600%
decreased relative to WT. Furthermore, there were no significant differences of

mPA levels betweemta haka#l and ABI3A6. The 1’A level in mtafip37 was
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slightly higher than that in ABI3A6 but theffiirene was negligible (Figure

4.14).

Y]
o

25 25
20 20
=45

1.0

meA/A ratio (%)
P
meA/A ratio (%)

0.5 0.5

i I T

WT hakai 37 mta hakai#1 ABI3A6 wr ABI3A6 mta fip37 fip37

Figure 4.14 mPA levels in double mutants and their parents checked by two
dimensional TLC analysiSamples used were leaves frorwdek old plants planted
on compost. Bta representmean + SEM fromthree biological replicates and
statistically significant differenszelative to WTwere analysetly OneWay ANOVA

andmarked with asterisk(™, p<0.01;"™, p<0.001).

4.4.2 Generation and Characterisation of GFRagged Lines inhakai

Background

4 4.2.1Generation of FIP37GFP lines

To generate the FIP3BFP recombinant construct, the available Gateway entry
vector containingFIP37 genomic DNA under its own promoteFIP37p-
gDNA-pDONR[AmMp‘]) was confirmed by sequencing using a forward primer
on exon §018636LP, Appendix 1) and a reverse one on exéitPB7exonlrey
Appendix 1) of FIP37 genomic DNA (Figure 4.15a,b). After Gateway LR
reaction, the recombinant constructs were checked by PCR using primer pairs

onFIP37genomic DNA (018636LP and 018636Rppendix 1) and sequenced
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using a reverse primer oFP (GFPrev) (Figure 4.15c,d). The correct
recombinant construct was used for the subsequent transformation to WT
Arabidopsis Kanresistant T plants were further confirmed by PCR using a
forward primeron FIP37 and a reverse one daFP (018636LP and GFPrev,
Appendix 1) (Figure 4.15e). A homozygous line (termed HBBP/WT#1-2)

was identified by screening Beeds on MS medium plus 50 thg Kan (Figure

4.16).

l 2640 2550 ZBBD 2570 2680 2590 2700 2710
| |

FIP37 genomic DNA
FIP37-pDONRfwd

Consensus |ggcagaattgaaggtaattctcgagaaactcattgcctaccactttgattcctgactgatgctatcacatgttt oty

b 1680 1690 1700 1710 1720 1730 1740 1750

LRS-l A R N C TCAATTGCTCGTCACACTTICGTCACTCCACCAGCGACAATCGCCGCAGRAACCTCTACGRAACTTGCTACARTGGAGT!
R e e Sl CTCARTTGCTCGTCACACTTCGTCACTCCACCAGCGACARTCGCCGCAGARACCTCTACGAARCTTGCTACAATGGAGT
Consensus |ctcaattgctcgtcacacttcgtcactccaccagcgacaatcgccgcagaaacctctacgaaacttgctacaatggagt

C ’ 425[] 427I] 4280 4290 4300 4310 4320 433[]
..............................
LR RN 7. T TGATGAAGATGCARARGAAGARATTGCTGGTGGAGAA AGC TTG c
R e - TTGATGRAGATGCARAAGARGARATTGCTGGTGGAGAR CIT \:TG CGAGETG
Consensus t caaa tg t -

e wr 1 2 3 4

-«—1968 bp

-«—1058 bp

Figure 4.15Geneation of FIP37-GFP transgenic linda and b) Sequence alignments
via DNAMAN showing the presence BfP37 genomic DNA(a) and its own promoter
(b) on Gateway entry vector FIP3gDNA-pDONR(AMp). The start codon is
underlined in red.d) Sequence alignments via BINMAN showing the presence of GFP
tag and no stop codon f&1P37 transgene. The start codon ®FP is underlined in
blue and the stop codon sitefiP37 is labelled with a red asterisld)(PCR to check
E. coli singlecoloniegSample 1 to 4afterGateway LR reaction. Neg, negative control.
(e) PCR to confirm positivd ; plants selected by Kasample 1 to 4 were from four

individual Ty plants
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Figure 4.1610-d old homozygous FIP3GFP line planted on MS medium plus Kan

Scale bar =1 cm.

4.4.2.2 Generationof MTAGFP in hakai background

To generate MTAGFP inhakaibackground, MTAGFP was crossed int@akai

37. In the k generation, MTAGFP positive plants were selected via checking
the GFP signal unddahe StereoFluorescene Microscope (Leicaand these
plants were confirmed heterozygousliiakai CRISPR target site (Figure 4.17a).

In the & generation, progenies homozygousHakai CRISPR target site were
identified and used for further screening (Figure 4.17a). In theequbat
generation, progenies were checked to identify those homozygous for MTA
GFP and also homozygous fITA SALK 114710 FDNA insertion(Figure
4.17b). Together, transgenic lines that were simultaneously homozygous for
hakaimutation, MTA-GFP transgeneandMTA T-DNA insertion were obtained

and these were denominatechagkaiMTA-GFP.
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140 150
CCGTGACTCCCACCACCGT

Heterozygous Fy

140 150
CCGTGACCCcCccccccccecoa

Homozygous F>

e —<— ~ 600 bp

140 150
CCGTG ATCCCACCACCECG T

|
Figure 4.17 Screening progenies bbkai37 crossed with MTAGFP. (a) Sequencing

profiles showing heterozygous progenies and homozygous frogenies aHakai
CRISPR target sitebf Genotyping PCR demonstrating [frogenies homozygous for

Hakai CRISPR target site were also homozygousMdiA SALK_114710T-DNA

insertion.

4.4.2 3 Generation of other GFRagged linesn hakai background

Likewise, MTB-GFP, FIP37GFP/WT and VirilizerxGFP were crossed into
hakai 37 separately. The screening of the crossing progenies was the same as
that for the cross betwedrakai 37 and MTAGFP. Eventually, progenies that
were homozygous for not onhakai mutationbut alsoGFP-tagged transgenes

were obtained, which were termédkai MTB-GFP, hakai FIP37-GFP and

hakai Virilizer-GFP. However, the status BMTB or Virilizer alleles could not

be confirmed irhakai MTB-GFP orhakai Virilizer-GFP because the original

GFP lines usedof these two crosses were homozygous mutants complemented
with their corresponding genomic DNAs, thus it is difficult to determine the

mutation status in these crossing progenies.
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4.4.2.4 Phenotyping of GFRagged lines in hakai background

Interestingly,hakai MTA-GFP andhakai MTB-GFP rather thahakai FIP37

GFP and hakai Virilizer-GFP demonstrated slower growth and shorter
inflorescence stems compared with their padgdERtagged lines (Figure 4.18).
Consistently, root phenotyping ofdBold seedlingsultured on vertical plates
containing 1/2 MS plus 1% (w/v) sucrose showed tiatai MTA-GFP and
hakaiMTB-GFP produced significantly shorter primary roots than either parent
and emerging lateral roots imakai MTA-GFP andhakai MTB-GFP were
extremely reduced relative to either parahline (Figure 4.19, 4.20). In addition,
the lateral rootength ofhakai MTA-GFP anchakaiMTB-GFP was generally

shorter than that dheir parenal lines (Figure 4.19).

st

hakai MTA-GFP MTA-GFP hakai MTB-GFP MTB-GFP

Figure 4.18 4-week oldhakai MTA-GFP andhakai MTB-GFP compared with their

parenal GFRtagged linesScale bar = 1 cm.

180



hakai 37 hakai MTA-GFP MTA-GFP

hakai 37 hakai MTB-GFP MTB-GFP

- - 'l J- v L (’*/\ > O‘L\ ¥A)~
‘..‘»-ff,c\‘-*\/&"“ 7y ‘L ; j’f 5

/

Figure 4.198-d oldhakaiMTA-GFP @) andhakaiMTB-GFP p) compared with their

parenél lines on 1/2 MS plus 1% (w/v) sucrosgcale bar =1 cm.
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hakai 37 hakai MTA-GFP MTA-GFP hakai 37 hakai MTB-GFP MTB-GFP

Figure 4.20 Root phenotypes of-8 old hakai MTA-GFP andhakai MTB-GFP
compared with their pareitlines on 1/2 MS plus 1% (w/v) sucroge) Rootlengths.
(b) The number of lateral roots. Data represent mean £ SEM and statistically significant
differences were compared by Gvieay ANOVA and marked with asterisk$,(p<0.01;

. p<0.001).

44.25 Localisation of GFPtagged proteingn hakai background

Analysis of 5d old seedlings by confocal microscopy showed WMWaB-GFP,
FIP37-GFP andVirilizer-GFP were primarily expressed in the nuclei of cells in
the primary root tip while the expression MTA-GFP was the strongest, not
only in the nuclei but alsim the cytoplasm of cells (Figure 4.21, 4.22). Upon the
knockout ofHakali, the localisation of these GRRgged proteins remained the

same (Figure 4.21, 4.22).
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Figure 4.21 GFP localisations in primary root tips of‘Atrelated transgenic lines
tagged with GFP and in WT tiakai knockout backgrounda) MTA-GFP. p) hakai
MTA-GFP. €) MTB-GFP. () hakaiMTB-GFP. €) FIP3%-GFP/WT. ) hakaiFIP37
GFP. @) Virilizer-GFP. p) hakaiVirilizer-GFP. Samples weredold seedlings. Scale

bar = 50em.
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Figure 4.22 Enlarged confocal images showing GFP localisations in primary root tips
of mPA-related transgenic lines tagged with GFP and in WThakai knockout
background(a) MTA-GFP. p) hakaiMTA-GFP. €) MTB-GFP. () hakaiMTB-GFP.
(e) FIP3ZGFP/WT. ) hakai FIP37-GFP. @) Virilizer-GFP. @) hakai Virilizer-GFP.

Sampleswere8 ol d seedlings. Scale bar = 50

4.4.26 GFP-tagged protein levels in hakai background

Due to the unclear genetic backgroundhakaiMTB-GFP anchakai Virilizer-
GFP, hakai MTA-GFP, hakai FIP37-GFP and their parental GRRgged
transgenic lines were used for protein expression asshgwestern blding
confirmed that GFRagged proteins @re expressed in all tested transgenic lines
but no obvious change of protein levels was detected ufetkai knockout

(Figure 4.23).
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GFP-tagged

actin
AT A

Figure 4.23 CheckingGFPtaggedprotein levels by western blotting

4.4.3 Generation and Characterisation oilGFP-tagged Linesin mta or

fip37 Mutant Backgrounds
4.4.3.1 Generation of Hak&FP or FIP3Z#GFP in mta background

To generate HakabFP inmtabackground, HakaisFP/WT#1 was crossed into
ABI3AG6. Likewise, FIP37GFP/WT#1-2 was crossed into ABI3AG6. Ithe R
generation, progenies heterozygousNorA SALK 074069 FDNA insertion

and with the presence @&BI3::MTA construct were identified in botbf the
above crosses (Figure 4.24, 4.25). These progenies harbouktakti€sFP or
FIP37-GFPtransgene as well (Figure 4.24c, 4.25c). Primer pairs used for PCRs

werethe same as mentioned earlier.
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S — — — = — TV -— 773 bp

~—890 bp

bl =~ 600 bp

Figure 4.24 Screening F progenies of HakaGFP/WT crossed with ABI3A6(a)
Genotyping PCR confirmed that plant 3 and 5 were heterozygousMiiok
SALK_074069 TFDNA insertion. ) PCR to check the presence ABI3:MTA

constructin plant 3 and 5(c) PCR to check the presenceHdikai-GFP constructin

plant 3 and 5
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WT 1 2 3

i LSS . OG5 bp

N —
-
—

- .~ ~ 600 bp

~— 1968 bp

~773 bp

Figure 4.25 Screening F progenies of FIP3GFP/WT crossed with ABI3A6(a)
Genotyping PCR confirmed that all threteecked Eplants were heterozygous diTA
SALK_074069 TFDNA insertion. p) PCR to check the presence ABI3:MTA
constructin threechecked F plants (c) PCR to check the presence FiP37-GFP

construcin threechecked Eplants

Among E progenies, some demonstrating ABI3A6 phenotypes were confirmed
homozygous foMTA SALK_074069 FDNA insertion(Figure 4.26, 4.27). Of
course, these plants also contaiA&13::MTA constructs Supplementary figure

46, 47). The presence oBFP-tagged transgenes was checked in the F
generation under tHatered~luoresceneMicroscope (Leica)Except for line 2

1for FIP37-GFP/WT crossed with ABI3AG, all the other checked lines for these
two crosses were GHpositive. In particular, line 4 for HakaiGFP/WT
crossed with ABI3A6 (termenhtaHakatGFP) and line 13, 22, 2-4 for FIP37-
GFP/WT crossed with ABI3A6 (tered mta FIP37-GFP#1-3, #2-2, #2-4,

respectively) were homozygous BFP-tagged transgenes.
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~—965 bp

~—~ 600 bp

Figure 4.26 Genotyping PCR to confirm some progenies of HakasFP/WT crossed
with ABI3A6 were homozygous faviTA SALK_074069 FDNA insertion A6 refers
to ABI3AG6. Sample 31 to 34 represenfour individual F, plants from k- plant 3 while

sample 51 and 52 representwo individual F plants from k plant 5.
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-—965 bp

- ~ 600 bp

Figure 4.27 Genotyping PCR to confirm some ffrogenies of FIP3GFP/WT crossed
with ABI3A6 were homozygous faviTA SALK_074069 FDNA insertion A6 refers
to ABI3A6. Samplel-1 to 1-5 represenfive individual F, plants from kline 1 while

sample2-1 to 2-5 representive individual F plants from kline 2.

4.4.3.2Generation oHakarGFP andMTA-GFP in fip37 background

To generate HakabFP infip37 backgroundfip37 was crossed into Hakai
GFP/WT1. As a comparisorip37 was also crossed into MF&FP/WT. The
screening of Fprogenies started with checki@gfFP-tagged transgenes. PCR
using forward primers oklakai or MTA and the reverse one @FP showed
that all R progenies except for line 3 P37 crossed with HakaGFP/WT
possessedakaiGFP transgene while one of two etked k progenies ofip37

crossed with MTAGFP/WT contained thiRITA-GFP construct (Figure 4.28a,b).
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Genotyping PCRs confirmed that all these lines were heterozygo&$H8y

SALK_ 018636 FDNA insertion (Figure 4.28c).

c fip37XHakai-GFP/WT fip37XMTA-GFP/WT
WT 1 2 4 5 6 7 2

i - 1058 bp

LP+RP

fip37XHakai-GFP/WT fip37XMTA-GFP/WT
2 4 5 6 7 2

WT 1

-~ 600 bp

LB+RP

Figure 4.28 Screaming F1 progenies ofip37 crossed with HakaGFP/WT or MTA

GFP/WT. (a) PCR to check the presencerakai-GFP construcin sevenF; progenies
of fip37 crossed with HakaGGFP/WT. (b) PCR to check the presence MTA-GFP
constructin two F; progenies ofip37 crossed withMTA-GFP/WT. (c) Genotyping
PCR confirmed that all GFPpositive plants were heterozygous fd¥IP37

SALK_018636 TDNA insertion.

Similar to that in GFRagged lines crossed with ABI3A6, sofeprogenies of
fip37 crossed with HakaGFP/WT or MTAGFP/WT showedip37 phenotypes.
Firstly, GFP-tagged transgenes were checked by PCR in those sh&p@Tg
phenotypes. The results showed that about 60% of these plants coHiaaed

GFP or MTA-GFP transgenes (Figure 4.28.30). Genotyping PCRs confirmed
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that all these GFpositive plants were homozygous P37 SALK 018636
T-DNA insertion (Figure 4.31, 4.32). In the Beneration, line -2 for fip37
crossed with HakaGFP/WT (denominated adip37 HakatGFP) were
homozyous forHakaiGFP while other checked lines were heterozygous for
HakarGFPor MTA-GFP. F4 progenies of line-2 and 23 forfip37 crossed with
MTA-GFP/WT were used to screen homozygous lineMiioh-GFP transgene.
Analysis of 24 seedlings from each line under tBereo Fluorescene
Microscope (Leicaronfirmed that line 2-2 and 23-3 were homozygous for

MTA-GFP transgene (termefip37 MTA-GFR#2-1-2 and#2-3-3, respectively).

WT 1-1 12 1-3 1-4 1-5 16 1-7 2-1 2-2 2-3 2-4 2-5 2-6 2-7

890 bp

Figure 4.29 PCR to check the presence lddkai-GFP transgene in Fprogenies of
fip37 crossed with HakaGFP/WT. Sample 11 to 1-7 represensevenindividual F
plants from Fkline 1 while sample 2 to 27 represensevenindividual R, plants from

Filine 2.
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-—773 bp

Figure 4.30PCR to check the presenceMt A-GFP transgene in Fporogenies ofip37
crossed with MTAGFP/WT. Sample2-1 to 2-6 represensix individual F, plants from

F. line 2.

WT 11 12 13 14 16 2-1 2-2 2-3

~-1058 bp

wT 11 1.2 13 14 16 21 2.2 2.3

Figure 4.31Genotyping PCR to chediP37 SALK_018636 TDNA insertion in GFP
positive k, progenies ofip37 crossed with HakaGFP/WT. Checked samples except

for WT represenindividual R, plants from Eline 1 and 2.
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-—1058 bp

LP+RP LB+RP

Figure 4.32Genotyping PCR to che¢iP37 SALK_018636 TDNA insertion in GFP

positive k progenies ofip37 crossed with MTAGFP/WT. Checked samples except

for WT represenindividual & plants from kline 2.

In terms of phenotypes, progeniedipB7 crossed with MTAGFP/WT looked
even smaller thafip37 and produced fewer seeds relativedip37 even when
they were not homozygoder MTA-GFP transgeneKigure 4.33, suggesting
that the introduction of MTA-GFP transgene infip37 increases the
developnental defects ofip37. This difference was confirmed by culturing
seedlings on 1/2 MS plus 1% (w/v) sucrdge37 MTA-GFP plants were sicker

and much smaller th&ip37 (Supplementary figurd.8).
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fip37 MTA-GFP MTA-GFP/WT

Figure 4.335-week oldfip37 MTA-GFP (homozygous for bofiP37 SALK_018636
T-DNA insertion andMTA-GFP transgene) compared with its parental lirfgsale bar

=1cm.

4.4.3.3 Llocalisation of GFPtaggedproteirs in mta or fip37 background

As shown in Figure 4.34, there were no rauegble differences of GFP
localisation between Hak&FP/WT andntaHakaiGFP. This was also the case
for FIP3ZGFP/WT andmta FIP37~-GFP (Figure 4.34). In contrast, the
localisation of HakalGFP or MTAGFP was modified wherFIP37 was
knocked down (Figure 4.35). The GFP signal in the nuclép8¥ HakatGFP
was slightly less than that in HakaFP/WT and he differencewas more
obvious infip37 MTA-GFP compared with MTAGFP/WT,with fip37 MTA -
GFPdemonstrating increased GFP lasation in the cytoplasr{Figure 4.35).

In lateral roots, MTAGFP in WT background was primarily localised to the
nuclei whereas the GFP signalfip37 MTA-GFP was predominantly localised
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in the cytoplasm, which was even stronger than that in NBEFR
comgdementingmta knockout mutant (Figure 4.36, 4.37). This difference was
not found between Hak&FP andip37 HakatGFP (Figure 4.38). Aside from
primary and lateral root tips, strong GFP signal was also detected in other regions
of the root offip37 MTA-GFP, for example, the elongation zone, whereas the
GFP signal in this region of MT&A&FP/WT was negligible and that in MTA

GFP complementingnta knockout mutant was much less (Figure 4.36d,h,

.
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'y ®e ' ¢
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Figure 4.34 GFP localisations in primary root tips of®#nrelated transgenic lines
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tagged with GFP and in WT artaknockdown backgrounda and b HakaiGFP/WT.

(c and d mta HakaiGFP. € and f) FIP3ZGFP/WT. ¢ and h mta FIP37-GFP.

Samples were-8 old seedlingsSc al e bar = 50 & m.
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Figure 4.35 GFP localisations in primary root tips of‘Arrelated transgenic lines
tagged with GFP and in WT 6p37knockdown backgrounda and b) HakaitGFP/WT.
(c and 0 fip37 HakatGFP. € and ) MTA-GFP/WT. ¢ and h fip37 MTA-GFP.

Sampleswere8 ol d seedlings. Scale bar = 50
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Figure 4.36 GFP localisations in roots of MT-&FP in WT orfip37 knockdown
background (a-d) MTA-GFP/WT. é-h) fip37 MTA-GFP. @& and g Long lateral root
tips. b and f) Short lateral roots.c(and g Just emerged lateral rootsl &nd h)

Elongation zones of primary roots. Sampleswede 901 d seedl i ngs. Scal

mutant (a) Long lateral root tip.l) Short lateral root.d) Emerging lateral root.d]

Elongation zone of the primary root. Samples wettdd seedlings. Scale bar = 50

em.
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Figure 4.38 GFP localisations in roots of Hak@FP in WT orfip37 knockdown
background(a and b) HakairGFP/WT. € and 0 fip37 HakaiGFP. & and ¢) Long
lateral root tips.lf and d) Short lateral roots. Samples werd 8ld seedlings. Scale bar

=50em.

4.4.4 Protein Interaction Analysis via Mass Spectrometry

To identify proteins that interact with Hak&lakarGFPhaka#2 was used for
immunoprecipitation via GFRap agarose beads and the subsequent analysis by
mass spectrometry, with WT as a control. Mass spectrometry data analysed via
Maxquant and Perseugmonstrated that the major proteins interacting with
Hakai include FIP37, Virilizer, MTA, two zinc finger proteins (AT1G32360 and

AT5G53440) and a protein belonging to heat shock protein 70 family (Hps70
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15, protein ID: AOA178W9Z4) whereas MTB was notgngicantly interacting

protein with Hakai (Figure 4.39).

Figure 4.39Volcano plotshowing interacting proteins with Hakai (using HatedtP

as a bajt HakairGFPhakaiwas plotted on the right and WT on the I&te enrichment

of pulled-down proteins was caculated using label free quantification (LFQ) and the
significance was analysed based on the negative logarithm ofviddagoderived from

the ttest flogi”'@9. Proteins that were significantly enriched were separated from
other progins by a hyperbolic curvend marked with red or blue filled squares (red:
known nfA writer proteins; blue: new pulledown proteins). MTB is indicated by a

black filled square.

To check whether interacting proteins with MTA would change Whedaiwas

knocked out, pulledlown proteins from MTAGFP werecompared with those
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