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Abstract

Phenotype prediction from DNA or RNA sequence in eukaryotes is difficult as a result
of the multiple layers of gene expression regulation. One of these regulatory layers is
RNA modification which occurs either co-transcriptionally or post-transcriptionally to
RNA and affects many aspects of RNA biology. Recent transcriptome-wide insights of
RNA modifications have begun to elucidate the extent of this landscape, leading to the
proposition of the “epitranscriptome”. However, understanding the “epitranscriptome”
and its consequences to RNA metabolism, functional relevance and mechanism of
action remains an enormous undertaking. The lack of tools to specifically manipulate
an RNA modification has hampered the un-biased evaluation of their importance as
well as understanding of the mechanism underlying their activities in a site-specific

manner.

During my research, | investigated the RNA-guided RNA targeting system CRISPR-
dCas13 and the RNA-based technique Short Tandem Target Mimic (STTM) regarding
their potential to develop programmable systems for targeted demethylation of two
RNA modifications N6-methyladenosine (mfA) and 5-methylcytosine (m°C) in
Arabidopsis thaliana. Initial results indicated unsuccessful interference to m°C
deposition using the STTM approach. In contrast, fusion of dCas13 to RNA modifying
domains ALKBH10B or human TEN-ELEVEN TRANSLOCATION1 (hTET1)
respectively enabled alterations of m®A- or m°C-bearing reporter or endogenous
transcripts in either Nicotiana benthamiana or A. thaliana. However, further
investigation is required to understand the robustness of both approaches. Possible
improvements are discussed for targeted RNA demethylation tools using CRISPR-
dCas13.

In addition, the functional relevance of RNA m°C in root development in A.
thaliana was also extensively investigated with regards to previously proposed
involvement of two transcripts SHORT HYPOCOTYL 2 (SHYZ2/IAA3) and
INDOLEACETIC ACID-INDUCED PROTEIN 16 (IAA16). Phenotypic and mRNA
quantification analyses of m°C-deficient and SHY2/IAA3 loss-of-function mutants
refuted a key role for SHY2/IAA3 and IAA16 in m°C regulation of root development.
Although | identified an m5C site C348 on SHYZ2/IAA3 using bisulfite RNA amplicon
sequencing and initial nucleotide conservation analysis suggested that this site is more



conserved than other non-methylated cytosines within SHY2//IAA3 mRNA, functional
analysis using dCas13-hTET1 conjugate did not support the importance of this C348
in planta. In summary, RNA-guided CRISPR-dCas13 and multi-strategy approaches
for site-specific functional study offers potential to significantly improve our
understanding of RNA modifications.
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Chapter I: Introduction



Overview

The regulation of gene expression in eukaryotes is a well-orchestrated process of
many regulatory layers. During and post synthesis, RNA transcripts undergo various
processing steps in which they are tailored with different modifications, editing and
splicing events. The occurrence of chemical modifications on RNA was reported as
early as 1951 (Cohn & Volkin 1951). Advancements in high-throughput sequencing
techniques in recent years have brought an unprecedented chance to profile various
RNA modifications in a transcriptome-wide manner in several plants and animals,
paving the way for investigation of their biological relevance. Once thought to be
random and insignificant “decorations”, many of the modifications have emerged as a
new component of gene expression, namely the “epitranscriptome”. Despite the recent
explosion in research and discoveries of new RNA modifications, their dynamics and
putative functions, a majority of these matters remains perplexing and is awaiting
validation or further elucidation. Establishing “epitranscriptomics” will require
functional studies and elucidation of molecular mechanism at single nucleotide
resolution, perhaps firstly through the “model” RNA modifications such as NG6-

methyladenosine or 5-methylcytosine.

Insights into the “epitranscriptome”

More than random “decorations” - RNA modifications as an emerging layer of gene

regulation
Chemical modifications on RNA range from small scale covalent addition of single or

multiple chemical groups onto the sugar ring (eg. 2'-O-methyladenosine) or
nucleobases (eg. N1-methyladenosine (m'A), N6-methyladenosine (mfA), 3-
methylcytidine (m3C), 5-methylcytosine (m°C), 1-methylguanosine (m'G), and N7-
methylguanosine (m’G)), to deamination events which convert one nucleotide (nt) into
another (eg. A-to-l editing). Detection of non-canonical RNA residues (other than A,
U, G, C) was documented as early as 1951 (Cohn & Volkin 1951) despite their
identification being elusive until years later (Cohn 1960). Among the first to be
discovered was pseudouridine (y), the most abundant modified residue and
sometimes considered the “fifth nucleotide” in RNA (Cohn 1960; Holley et al. 1965)
(Figure 1-1). Improvement in detecting methods over five decades, especially mass

spectrometry, has revealed more than 150 RNA modifications in virtually all types of



RNA throughout the three domains of life (Ma, J et al. 2021). Of all RNA species, RNA
modifications studies have been largely focused on abundant ones such as tRNA and
rRNA with the early realization that they are highly modified (Holley et al. 1965). Other
non-coding RNA such as small nuclear RNA also contains a wide range of

modifications including v, ribose and base methylations (Bohnsack & Sloan 2018).

5’-cap and poly(A) tail are important terminal modifications on mMRNA known since the
1970s (Furuichi, LaFiandra & Shatkin 1977; Shatkin 1976; Wei, CM, Gershowitz &
Moss 1976). These modifications facilitate pre-mRNA processing, stability, nuclear
export as well as translation, owing to their interactions with cap- or poly(A)-binding
proteins (Flaherty et al. 1997; Furuichi, LaFiandra & Shatkin 1977; Gallie 1991,
|zaurralde et al. 1994). Although their functions were much less known, documentation
of internal modifications on MRNAs, including N®-methyladenosine (m°®A), 1-
methyladenosine (m1A), N6-2'-O-dimethyladenosine (mfAm), 5-methylcytidine (m°C)
and 5-hydroxymethylcytidine (hm°C) (Figure I-1) dated back around the same time
(Desrosiers, Friderici & Rottman 1974; Dubin & Taylor 1975; Dunn 1961; Lavi,
Fernandez-Mufioz & Darnell 1977; Schibler & Perry 1977; Wei, C-M & Moss 1977).
The role of m®A in pre-mRNA processing/transport and its importance in mammalian
cells were also noted early (Rottman et al. 1986), yet the difficulties in getting a
comprehensive view of the modification’s landscape and the ignorance of an active
demethylation activity that can occur on it had obscured further interpretation into the

possible regulatory role of this modification.



Gy,
N- Y
NH, HO. </Nf;
o N

HCS) Ay
\
o, o

o OH OH

meA m°eA
on On | ~AAAAA
m’G
cap structure M'A v
PN v
Ho <N ‘ N/J OH "\ NH,; /\O
0. 2
CAG o
OH OH Ho. N’go HO S 0

\v
o e}

OH OH OH OH

Figure I-1: Prevalent modifications on eukaryotic mRNA. Beside 5 cap and
poly(A) tail, mMRNAs can be “decorated” with a number of internal modifications.
Pseudouridine () is the first discovered and most abundant RNA modification. Other
prevalent modifications include many types of methylation to the nucleobases such as
Né-methyladenosine (mfA), 1-methyladenosine (m'A), 5-methylcytidine (m3C) and 5-

hydroxymethylcytidine (hm®°C).

The discovery of proteins that remove RNA m®A brought a new wave of interest in
m®A and RNA modifications alike (Jia et al. 2011; Zheng et al. 2013), as the
reversibility is reminiscent of that of epigenetic controls on DNA. Later, a few other
RNA methylations such as m'A and m®Am were also shown to be reversible (Jia et al.
2011; Li, X et al. 2016; Liu, F et al. 2016; Mauer et al. 2017). These findings strongly
pointed towards a regulatory role of RNA modifications similar to that of the
epigenome, supporting the previous postulation of the “epitranscriptome” (He, C.
2010). Alongside, the advancement in mapping and quantifying methods especially
high-throughput sequencing enabled detailed and transcriptome-wide profiling of
many RNA modifications including m3C, m®A, méAm, W, m'A, hm5C (Carlile et al.
2014; Delatte, B. et al. 2016; Dominissini et al. 2012; Dominissini et al. 2016). These
studies highlighted the great diversity and pervasiveness of RNA modifications, paving
the way for establishment of certain links between these “epitranscriptomic” marks,
RNA metabolism and subsequent phenotypical consequences. It also came to light
that a number of modified sites on RNA are conserved amongst closely related
species or even across the three domains of life (Jackman & Alfonzo 2013; Li, S &



Mason 2014; Schwartz et al. 2013), suggesting their conserved functions and
evolutionary importance. As a result, RNA modification has been transformed from

insignificant “decorations” into a field of its own.

Conceptualizing “epitranscriptomics’- functional insight is key

The exponential numbers of RNA modifications and modified RNA sequences
identified in various mapping attempts over the years, while being important and
providing critical information such as depositing motifs and plausible factors involved,
are inadequate when it comes to consolidating the regulatory role of these
modifications: If the modifications do no jobs, whether they are present or absent
makes no difference. In addition, a majority of modified sites, especially those on
mMRNAs, has low occurrence (less than 20% of identical RNA sequences are modified)
(David et al. 2017; Huang, T et al. 2019; Legrand et al. 2017), and different studies
can report variable modification levels at the same site. Therefore, identifying the
impact and mode of action of such lowly modified sites with potentially changing
stoichiometry is important in both understanding of their regulatory role and verification
of mapping data. In these senses, functional studies of RNA modifications should be
aimed to unbiasedly detail biological impacts of RNA modifications at specific sites, on
particular RNA sequences (Figure I-2). Currently, such studies are largely missing for
internal modifications on mMRNAs. Functional relevance of RNA modifications has
mostly been inferred from mutations of proteins involving their deposition, recognition
and removal (usually referred to as “writers”, “readers” and “erasers”, respectively).
The indirect evidence sometimes leads to misinterpretation of RNA modification’s
functions as the proteins can have functions unrelated to RNA modifications. Besides,
knockout of the proteins leads to global change in the RNA modification landscape
which does not allow identification of specific modified sites/cellular activities leading
to morphological changes, especially for the proteins that use more than one RNA
species as substrates. The highlights and shortcomings in functional studies of RNA
modifications will be discussed in detail below through two important RNA
methylations m®A and m®C.
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RNA modifications K Site-specific functions?
Mechanism?

Mutational
studies

Figure 1-2: Functional relevance accounts for a small portion of our current
understanding of RNA modifications. Efforts in mapping and studies of RNA
modifications’s “writer”, “reader” and “eraser” mutants have suggested certain
biological functions of these modifications. However, site-specific functional analyses
and underlying mechanism are underrepresented in the field, leaving uncertainties

regarding the relevance of an “epitranscriptome”.

RNA mfA and m5C - Two models of the “epitranscriptome”

m®A and m5C are uniquely two shared modifications between RNA and DNA (apart
from the oxidized products of m°C such as hm°C, f°C and ca®C). The similarity of these
RNA and DNA methylations with respect to their relatively small scale (covalent
modification instead of base-alteration), chemical properties and reversibility makes
RNA m®A and m°C stand out as key modifications for solidifying the regulatory role of
RNA modifications. Methods for detection of RNA mfA and m®C are also amongst the
most used and well-investigated, some benefited from the nearly 80-year legacy of
DNA methylation studies.



High-throughput profiling of RNA mfA and m°C

Advent of next generation sequencing (NGS) and more recently third generation

sequencing with Nanopore technologies have fuelled RNA m®A and m®C studies with
exponential transcriptome-wide mapping data. Unlike some other RNA modifications
that can arrest reverse transcription and be tracked by following sequencing (Ebhardt
et al. 2009; Ryvkin et al. 2013), m®A and m®C do not alter Watson-Crick base-pairing
conferred by reverse transcriptases. RNA immunoprecipitation with respective
antibodies coupled with NGS (RIP-seq) has become the method of choice for a
number of studies and provided valuable whole transcriptome mappings for m®A and
m°C modifications (Dominissini et al. 2012; Meyer, K. D. et al. 2012). This
immunoprecipitation approach however relies heavily on the specificity of the antibody,
often requires large amounts of biological samples, has relatively poor reproducibility
and gives approximate (peaks of several hundred bases) instead of precise locations
of modified sites. Cross-linking strategies have been adopted for more stable bonding
between modification-bearing RNA fragments and antibody or binding proteins, and
subsequent identification of the modifications to a greater precision (Chen, K et al.
2015; Hussain et al. 2013; Khoddami & Cairns 2014; Linder et al. 2015).

Besides immunoprecipitation approach, RNA mPA can be mapped transcriptome-wide
with the use of enzymatic treatments that alter the methylation status or adjacent
sequence for detection with downstream sequencing in methods named DART-seq
(deamination adjacent to RNA maodification targets) or m®A-SEAL (Meyer, Kate D.
2019; Wang, Ye et al. 2020). To map mP®A to single-nucleotide resolution in an
antibody-independent manner, m®A-sensitive ribonuclease MazF is a promising
approach (Garcia-Campos et al. 2019). The enzyme recognizes and cleaves upstream
of an m®ACA motif, which can then be detected as truncated reads in sequencing.
While this method is currently not applicable ubiquitiously due to the limited recognition
motif of MazF, similar approach with evolved MazF or m®A-sensitive DNAzymes
(Sednev et al. 2018; Yu et al. 2021) with expanded recognition motifs is predicted to
out-perform the antibody-based methods in a near future. It is worth noting that other
methods for mapping of m®A that take advantages of m®A’s chemical characteristics
such as hindering of splinted DNA elongation and ligation are available (Liu, Nian et



al. 2013; Wang, Y. et al. 2021). These methods can be complex and have poor high-
throughput potential but are powerful in validating methylation status of specific sites.
Regarding m°C, apart from immunoprecipitation, the chemical-based approach widely
used in DNA, Bisulfite sequencing, has also been adapted for mapping of RNA m°C
(BS-RNA-seq) (Edelheit et al. 2013; Schaefer et al. 2009; Squires et al. 2012).
Compared to antibody-based approaches, BS-RNA-seq offer base-specific profiling of
m°C with a simpler library preparation procedure but does suffer from biases
especially conversion efficiency due to distinct features of RNA compared to DNA in
Bisulfite treatment (Helm & Motorin 2017). Another limitation of BS-RNA-seq is the
inability to discriminate m°C and its oxidized product hm°C (and potentially other
similar methylations such as 4-methylcytosine). Nevertheless, BS-RNA-seq has
contributed substantially to our knowledge of the m°C landscape in different RNA
types in many animal and plant species (Amort et al. 2013; David et al. 2017; Edelheit
et al. 2013; Militello et al. 2014; Squires et al. 2012).

Recently, the direct RNA sequencing offered by Nanopore technologies has opened
an unprecedented opportunity to overcome the shortcomings in aforementioned
methods to profile RNA modifications at single nucleotide resolution with high
efficiency and in an unbiased manner. Direct RNA sequencing also has the potential
to enable simultaneous identification of different RNA modifications on the same RNA
molecules, which is critical in uncovering the interplay between RNA modifications.
Algorithms have been developed mostly for detection of m®A from direct RNA
sequencing data with 80-90% accuracy (Liu, H et al. 2019; Lorenz et al. 2020; Parker
et al. 2020; Pratanwanich et al. 2021), while methods for determining other
modifications including m°C and hm®°C have also begun to be explored (Begik et al.
2021). With accuracy improved, direct RNA sequencing with Nanopore technologies
will be a resourceful tool to expand our understanding of not only méA and m°C but

also other RNA modifications.

RNA mfA and m°C’s high throughput sequencing data has been documented in
different databases (Ma, J et al. 2021), facilitating investigations of various aspects of

RNA modifications including their functions and regulatory mechanism.



The most abundant and well-studied internal mMRNA modification - m°A

The presence, abundance and even motif of mA on mMRNA was actively investigated
as early as 1970s (Desrosiers, Friderici & Rottman 1974; Lavi, Fernandez-Mufioz &
Darnell 1977; Perry & Kelley 1974; Wei, C-M & Moss 1977; Wei, CM, Gershowitz &
Moss 1976). These early studies, mostly in cultured animal cells, revealed the
occurrence of this modification on mRNAs around one or two per 1000 nucleotides
compared to an average of one per 1800-3000 in other non-ribosomal RNAs. The
great improvement in m®A-profiing methods has offered for the first time the
transcriptome-wide view of this modification (Dominissini et al. 2012; Meyer, K. D. et
al. 2012). These studies showed that while accounting for a large fraction of m8A, the
coding region of MRNA is less methylated when normalized by length, whereas the
3'UTR and especially the proximal sequence upstream of stop codon are highly
enriched with this methylation. In plants, beside 3'UTR and stop codon, start codon is
also a hotspot for m8A methylation (Li, Y et al. 2014; Luo et al. 2014).

m8A is deposited to RNA sequence by a complex of “writer” proteins with
Methyltransferase like 3 (METTL3) and Methyltransferase like 14 (METTL14) (or MTA
and MTB in plants (Bujnicki et al. 2002; Zhong et al. 2008), respectively) playing the
key roles (Bokar et al. 1994; Liu, J et al. 2014). Besides, a number of proteins help
fine-tune the methylation activity of the mfA “writer” including Wilm's tumor 1
associating protein (WTAP), VIRMA/KIAA1429 and zinc finger CCCH domain-
containing protein 13 (ZC3H13) (Knuckles et al. 2018; Ping et al. 2014; Schwartz et
al. 2014). In A. thaliana, MTA/MTB heterodimer is joined by FKBP12 interacting
protein 37 KD (FIP37), VIRILIZER and HAKAI (Ruzicka et al. 2017). Recent
sequencing techniques have also better informed the motif of mfA deposition on
mRNA which is conservely RRACH (R = A/G, H = not G) in mouse, human cell lines
(Dominissini et al. 2012; Meyer, K. D. et al. 2012) and plants (Luo et al. 2014; Wan et
al. 2015). This A-rich motif might partly explain the enrichment of m®A near stop codon
and 3'UTR where A bases occur with higher frequency. The preference of m°A
deposition in mRNA 3'UTR was further demonstrated to be mediated by
VIRMA/KIAA1429 in a region-specific manner (Yue et al. 2018). m®As were also found
to cluster in the hairpin structures in METHIONINE ADENOSYLTRANSFERASE 2A
3'UTR, suggesting a role for mMRNA secondary structure in methylation deposition
(Shima et al. 2017). In line with this, Chen, T et al. (2015) gave evidence that binding



of micro RNAs to mRNA can guide m®A installation through recruiting METTL3 to the
binding site.

m®A motifs are also important for the activities of m®A “readers”. However, they appear
to diverge from m8A consensus motif RRACH to some extent. While the binding motif
of YTHDC1, a member of the large YTH domain m®A “reader” family in mammals, is
GGACH, corresponding well to the m®A consensus, SRSF3 and SRSF10 of the
serine/arginine-rich (SR) protein family favour UGGAC and AGGACMG (M = A or C),
respectively (Xiao, W et al. 2016). In plants, members of the YTH domain family known
as EVOLUTIONARILY CONSERVED C TERMINAL, ECT2, ECT3 and ECT4 have
also been experimentally demonstrated as m°A “readers” (Arribas-Hernandez, L. et
al. 2020; Scutenaire et al. 2018; Wei, L-H et al. 2018; Wu, Peled-Zehavi & Galili 2020)
and are likely to have different binding motifs from the animal counterparts, for
example URUAW (R = G/A; W = U/A) for ECT2 (Wei, L-H et al. 2018). The third group
of mPA “readers” heterogeneous nuclear ribonucleoproteins (hnRNPs) contains
HNRNPA2B1 which in human cells also binds to RGAC.

The metabolism of m®A was complete with the discovery of m®A “erasers” Fat mass
and obesity associated protein (FTO) and Alkylation repair homologue protein 5
(ALKBHS5) (Jia et al. 2011; Zheng et al. 2013) which remove RNA m°®A in mammals.
Recently, the plant counterpart of these m°®A “erasers”, ALKBH9B and ALKBH10B,
have also been revealed (Duan et al. 2017; Martinez-Pérez et al. 2017).

m®A has a wide range of effects on mRNA metabolism which include but not limited
to RNA stability, RNA secondary structure, alternative splicing, and translation (Liu, N.
et al. 2015; Liu, N. et al. 2017; Wang, X. et al. 2015). In both plants and animals, m°A
can either enhance (Huang, H et al. 2018; Wei, L-H et al. 2018) or reduce (Duan et al.
2017; Wang, Xiao et al. 2014) the stability of mRNA transcripts. The different effects
are potentially a result of different mfA “reader” proteins recognizing the particular
targets, and differences in environmental and physiological cues (Huang, H et al.
2018). In a similar manner, other aforementioned functions of mfA such as in RNA
splicing and translation are conferred by and dependent on associated m°A “readers”.
As a result of these various molecular impact, mfA is vital for both plant and animal

development. Null or knockdown mutants of many of the mfA “writer” complex
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components are embryonically lethal, while others have severe growth defects or
disorders (Hongay & Orr-Weaver 2011; Ruzicka et al. 2017; Zhong et al. 2008). In A.
thaliana, a mutational study on single, double and triple mutants of the “reader”
proteins ECT2/ECT3/ECT4 demonstrated a recurrent requirement for these proteins
in normal development of many plant organs such as root, leaf, flower and fruit
(Arribas-Hernandez, L. et al. 2020). m°A was also linked to floral transition in A.
thaliana, with mutant of the “eraser” alkbh10b exhibits a late flowering phenotype
(Duan etal. 2017). In mice, the loss of FTO or ALKBHS results in adipogenesis defects
or male infertility, respectively. However, it is worth noting that expression of not FTO
but a connected homeobox gene IRX3 was shown to directly regulate body weight in
mice (Smemo et al. 2014), suggesting that this enzyme can play role other than m°A-
related and inferring m®A function in adipose metabolism from its knockout could have
been biased. Despite certain biases, an increasing number of studies have
successfully narrowed down a set of transcripts might be playing roles in mfA
regulation of observed phenotypes, paving the way for validation and follow-up studies
to detail the underlying mechanism from modification to phenotype of this modification
(Duan et al. 2017; Gao, Y et al. 2020; Mendel et al. 2021; Shima et al. 2017; Su et al.
2018; Wei, L-H et al. 2018).

The sibling of epigenetic DNA methylation — RNA m°C coming of age

Studies have reported variable pervasiveness of RNA m°C in different species. In
human Hela cells, Squires et al. (2012) reported more than ten thousand m°C sites
in both mRNA and non-coding RNAs, using Bisulfite sequencing (BS-RNA-seq). The
same technique, when applied to mouse embryonic stem cells with stringent
computational analyses, found mRNAs were sparsely or not even methylated
(Legrand et al. 2017). In A. thaliana, transcriptome-wide BS-RNA-seq detected less
than 1500 m°C sites in three tissue types shoots, siliques and roots, with 1% threshold
set for methylation calling (David et al. 2017), while a study utilized an RNA
immunoprecipitation approach documented more than six thousand m°C peaks in
seedlings (Cui et al. 2017). Within mRNAs, although greater numbers of m°C sites
were detected in the coding sequence, when normalized for length and read coverage,
the distribution of m°C is enriched in untranslated regions, especially the 3’'UTR (David
et al. 2017; Squires et al. 2012).
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Two RNA m°C “writers” identified to date are tRNA specific methyltransferase 4
(TRM4) also known as NOP2/Sun domain protein 2 (NSUN2) (Khoddami & Cairns
2013) and Transfer RNA aspartic acid methyltransferase 1 (TRDMT1) or DNA
methyltransferase 2 (DNMT2) (Goll et al. 2006). The methyltransferases are S-
adenosylmethionine (SAM)-dependent, although how they recognize targets remains
elusive. The motifs for m°C methylation deposition have been suggested in several
studies. In plants, Cui et al. (2017) reported two consensus motifs for m®C HACCR
and CUYCUYC with occurrence being around 50% and 42% of methylated peak
identified in an m°C-RIP approach. These motifs are distinct from the motif identified
in archaea AUCGANGU (Edelheit et al. 2013). No such motifs have been identified in
animals (Hussain et al. 2013; Squires et al. 2012) although at least two studies have
demonstrated a CG-rich region proximal to m°C sites (Squires et al. 2012; Yang, X et
al. 2017). In addition, David et al. (2017) demonstrated the importance of 50-nt
surrounding an m°C site for its deposition, suggesting the involvement of RNA
secondary structure. The observation that m°C site is enriched near binding sites of
Argonaute proteins (Squires et al. 2012) might also suggest a correlation between
local RNA structure and m°C deposition.

The mRNA export adaptor ALYREF is the only m°C “reader” known to date (Yang, X
et al. 2017). RNA m°C demethylase(s) has not been uncovered in both plant and
animal, although in animals, the DNA dioxygenase TEN-ELEVEN TRANSLOCATION
(TET) protein family is speculated as a key factor. It has been hypothesized that RNA
m°C demethylation may occur through a serial oxidation from m°C to hm®C, f°C (5-
formylcytosine), ca®C (5-carbonylcytosine) and finally C in a similar manner with the
DNA demethylation in animals which is performed by the TET family, although the
DNA m°C demethylation itself is not fully understood. Supporting this hypothesis, three
members of the TET family were shown to catalyze m>C-to-hm°C conversion in vitro
and in human cell cultures (Fu et al. 2014; Shen, Q et al. 2018). Moreover, the
Drosophila melanogaster TET protein which first known to catalyze DNA m°A
demethylation was also evidenced to convert RNA m°C into hm°C in this species
(Delatte, Benjamin et al. 2016). Even less is known about a putative RNA m°C
demethylase in plants, however, ortholog(s) of TET proteins or member(s) of the other
common dioxygenase family AIkB (Mielecki et al. 2012) could be the enzyme in quest.
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Huong, Ngoc and Kang (2020) proposed A. thaliana ALKBH6 as a potential mSC/m°®A
“eraser” due to its observed binding to m°C- and mfA-bearing RNAs in an
electrophoretic mobility shift assay. However, there appeared no difference in binding
affinity of this protein to modified and non-modified RNAs used, and the authors did
not evidence the demethylase activity of the protein.

Similar to m°C “eraser”, the biological importance of m>C on mRNA remains largely
elusive. Being recognized by ALYREF suggested a role for m°C in nuclear export of
mRNAs in mammals (Yang, X et al. 2017). m°C was also linked to RNA movement
across graft junction in plants via the double mutant of m°C “writers” TRDMT1 and
TRM4B (Yang, L et al. 2019). The impact of RNA m°C on RNA metabolism appears
to be context-dependent. While this modification enhances stability of both synthetic
and cellular mRNA (Cui et al. 2017; Warren et al. 2010), no pronounced correlation
between global changes in m°C level and shifted gross transcript abundance has been
reported (David et al. 2017; Hussain et al. 2013; Tuorto et al. 2012). At the translational
level, globally, m°C can negatively affect protein translation in NSUN2-knockout
mouse skin and Hela cells (Huang, T et al. 2019), which was shown through
computational analysis of ribosome profiling data. However, m°C can also enhance
translation of a Luciferase reporter in vitro (Li, Q et al. 2017). These suggested impacts
at the molecular level might have resulted in defects in mutations of m°C “writers”. For
example, NSUN2 and TRM4B take part in oxidative stress responses in animals and
plants, perhaps via regulation of tRNA cleavage in the absence of m°C (Blanco, S. et
al. 2014; David et al. 2017). Depletion of NSUN2 in both mouse and human causes
hair defect and decreased body size and weight (Blanco, Sandra et al. 2011,
Fahiminiya et al. 2014), which could be roughly attributed to perturbed stem cell
homeostasis. In line with this, mutants of TRM4B in A. thaliana exhibits aberrant root
meristem proliferation and subsequent shorter primary roots (David et al. 2017).
However, given that NSUN2 and TRM4B use both tRNAs and mRNAs as substrates,
the exact mechanism and modified RNA sequences underlying respective phenotypes
will need further elucidation.
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Using m®A and m°C for modelling the “epitranscriptome”

Our current understanding of méA and m3C not only supports the regulatory role that
RNA modifications might serve, but can also push forward new discoveries to fortify
the “epitranscriptome” proposition. The huge numbers of m8A and m°C sites mapped
lay foundation for functional analyses to confirm the relevance of the modified sites
and investigation of underlying mechanism, while the various and relatively well-
developed detection techniques facilitate functional assays. There are a number of
approaches that could be taken to harness mfA and m3C for conceptualizing
“epitranscriptomics”, | propose two following investigations: (i) Site-specifically study
the function of mfA and m5C sites/regions mapped. (ii) Develop tools to specifically

remove, or alter a modified site for evaluation of its importance.

Synthetic systems for functional studies of RNA modifications

Synthetic platforms for RNA study

The ability to bind and modify RNA of synthetic systems which come in both RNA and
protein forms has made valuable contributions to our understanding of RNA biology.
RNA-based systems, such as the various RNA interference (RNAi)-based techniques
that utilizes short double-stranded RNA sequence for binding to mRNA and inhibition
of gene expression (Caplen et al. 2001; Elbashir et al. 2001), or Target Mimic (lvashuta
et al. 2011; Todesco et al. 2010) and Short Tandem Target Mimic (Tang, G. et al.
2012) which can be used to block the function of small RNAs that regulates gene
expression by post-transcriptional gene silencing, have proven the versatility of RNA
in uncovering their own interplay. However, these RNA-based techniques mostly allow
modulation of target level but not more complicated tasks such as actively altering
their sequence or chemical modifications. On the other hand, engineered proteins with
RNA binding factors such as Pumilio and FBF (Wang, M et al. 2018) or
Pentatricopeptide repeat (Manna 2015) and an effector module of choice enable
binding and more flexible manipulations to RNA targets. Generating these proteins
however is generally laborious and also limited by the presence of binding motifs on
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target RNA. The flexibility and programmability of RNA-guided RNA-binding proteins
offer superior solution over both RNA-based techniques and conventional RNA
binding motifs in efficient searching and modifying of RNA. Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) together with CRISPR-associated
(Cas) protein 13 (CRISPR-Cas13) is one such system that has revolutionized RNA
research since its recent discovery (Abudayyeh, Omar O. et al. 2016). Either it is
utilizing new promising systems or expanding the limited use of a less-expected

system, successful new ideas will benefit RNA studies as a whole.

Embracing the RNA wonder — Can a special RNA structure prevent RNA

methylation?
Inhibition of gene expression by RNAiI mechanism could be a result of either mRNA

degradation or translation inhibition, depending on the degree of complementarity
between the interfering RNAs (hereby referred to as iRNA) and targets (van den Berg,
Mols & Han 2008). If mismatches occur, translation inhibition tends to be observed.
The phenomenon was further linked to altered structural/functional conformation of
translating ribosomes binding to iRNA-bound mRNA (Ma, X et al. 2013).

It is interesting that the negative regulatory effect of iRNA on mRNA can be reversed
by upstream negative regulators Target Mimics (TM) and Short Tandem Target Mimic
(STTM) (Figure 1-3). TM was adopted from the naturally occurring phenomenon in
plant in which a non-coding RNA INDUCED BY PHOSPHATE STARVATION 1 (IPS1)
mimicking the mRNA target PHOSPHATE 2 (PHOZ2) of the microRNA miR399 can
prevent the degradation of PHOZ2 (Franco-Zorrilla et al. 2007). It was hypothesized
that IPS1 (TM) competes with mRNA target for binding to microRNA, thus protects the
MRNA from RNA-induced silencing. TM binds to microRNA imperfectly, with a 3-nt
bulge between nucleotide 10 and 11 of microRNA and additional single-nt mismatches
(Figure 1-3). Despite the plausible assumption that the TM-microRNA duplex can get
cleaved by the RNA-induced silencing complex, the abundance of neither of the
entities is affected upon binding, pointing towards rather an underlying mechanism of

RNA sequestration (Franco-Zorrilla et al. 2007).
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Figure 1-3: RNA sequestration or destruction by TM and/or STTM might hold the
key for an RNA-based technique for intervention with deposition of RNA methylation.
A, Mechanism of TM. Imperfect complementarity of TM IPS1 to target miR399 might
sequester (not degrade) it away from PHOZ2 mRNA, leaving PHOZ2 to be expressed.
Three-nucleotide bulge CUA helps TM not to get degraded when binding to miR399.
B, Structure of STTM contains two microRNA binding sites and bulges derived from
TM, along with a stem-loop linker that helps stabilize the whole structure. STTM
instead triggers degradation of microRNAs, maybe due to perfect complementarity to

targets (except the bulges).

STTM contains only the binding site of microRNA as compared with long TM backbone
(Short), with two of them (Tandem) connected by a 48-88 nt stem-loop linker. The
mismatched bulge in one binding site on STTM is the same as that of TM, however

the rest of the sequence perfectly complements microRNA target (Figure 1-3). STTM
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works an order of magnitude more effectively than TM in blocking the function of
microRNAs. Surprisingly, in contrast to TM, STTM triggers drastic reduction of
microRNA targets, partially via small RNA degrading nucleases (Yan et al. 2012). The
significantly enhancement in the performance of STTM compared to TM is deemed to
the loosely self-complementary linker that helps stabilize the STTM structure while not
being attacked by components of RNA-induced Silencing Complex (Tang, Guiliang &
Tang 2013).

Collectively from these studies, | asked the question whether a similar structure to TM
or STTM can bind to mRNA in a similar manner to iRNAs and sequester the binding
site or alter binding proteins in such a way that these proteins fail to confer its impact
to the site or proximal regions. Such a system can interfere with deposition of RNA
modification, revealing the importance of the modified site in its absence.

CRISPR-Cas13 for active alterations of RNA modifications
CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats — CRISPR
associated protein) is naturally a defense system in prokaryotes, which has inspired

an exceptional generation of genome engineering tools. The detection, elucidation and
adoption of CRISPR-Cas have spanned several decades since the presence of short
direct repeats interspersing varied sequences in bacterial genomes was first reported
in 1987 (Ishino et al. 1987). It is now relatively well-understood that the interspacing
sequences (spacers) are derived from foreign genetic materials and that CRISPR-Cas
is an adaptive immune mechanism utilizing these spacers as the guides for its action.
Essentially, immune response by CRISPR-Cas takes three main steps: (i) insertion of
foreign DNA into between two direct repeats of a special past-invasion storage
genomic region known as CRISPR array, (ii) transcription of CRISPR array into single
precursor CRISPR mRNA (pre-crRNAs) which is then processed into individual
mature CRISPR RNAs (crRNAs), or usually referred to as guide RNAs (gRNAs), and
(iif) Cas-induced cleavage of foreign nucleic acid bound by a gRNA. The mode of
action of CRISPR-Cas provides excellent specificity and programmability required for
a pair of molecular scissors with slight engineering (Cong et al. 2013; Jinek et al.
2012). In addition, the ability to separate the cleaving activity of most CRISPR-Cas
systems from their binding activity allows utilization of catalytically inactivated
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CRISPR-dCas as nucleic acid binding platforms, vastly expanding the manipulations
that could be performed on target.

Amongst CRISPR-Cas systems, CRISPR-Cas13 is a natural and exclusive RNA-
guided RNA-targeting platform. Its endoribonuclease activity has been harnessed for
multiple applications ranging from specific knockdown of RNA targets to
programmable cell death due to promiscuous degradation of cellular RNAs
(Abudayyeh, Omar O. et al. 2017; Wang, Q et al. 2019) (Figure I-4A). Meanwhile,
mutations of single or multiple catalytic residues in either of the two endoribonuclease
HEPN (higher eukaryotes and prokaryotes nucleotide-binding) domains on Cas13s
abolished their cleaving activity while retaining their high affinity to target (Abudayyeh,
Omar O. et al. 2016; Konermann et al. 2018; Smargon et al. 2017). These catalytically
dead Cas13s (dCas13s) became a competitive RNA binding platform and can provide
utilities on their own (Figure [-4B) or be tethered to customizable effector domains to
confer new applications (Figure 1-4C).
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Figure 1-4: Applications of active CRISPR-Cas13 and derivatives. A, Important
applications of active Cas13 include targeting for cleaving of various RNA species
such as mRNA, circular RNA, and long-noncoding RNA (i); in vitro detection of nucleic
acid based on promiscuous activity of Cas13 which cleaves quencher off a fluorescent
reporter upon binding specific target (ii); and programmable cell death triggered by
promiscuous degradation of cellular RNAs (iii). B, A catalytically inactive Cas13
system (dCas13) can be used to regulate exon exclusion, block in vitro reverse
transcription and, potentially, translation thanks to specific binding of the system to
different locations on RNA transcripts. C, dCas13 can be tethered with an effector
domain of choice to enable cellular tracking of specific RNAs, RNA modifications such
as A-to-l and C-to-U editing, and more alternative splicing activities such as exon

inclusion.

dCas13-effector fusions were successfully applied to RNA tracking, identifying of RNA
interacting partners and RNA targeted manipulations. Han et al. (2020) developed a
dCas13-APEX system which specifically binds to RNA and biotinylates interacting
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proteins which then can be pulled down and identified by mass spectrometry. With this
system, the authors demonstrated a functional interaction between the human m®A
demethylase ALKBH5 and telomerase. Tethering dCas13 with RNA deaminase
ADARZ2 enabled A to | and C to U editing in mammalian RNA, in the systems named
as REPAIR (RNA Editing for Programmable A to | Replacement) and RESCUE (RNA
Editing for Specific C-to-U Exchange), respectively (Abudayyeh, O. O. et al. 2019; Cox
et al. 2017). Targeted RNA m8A methylation (TRM) was the first tool based on dCas13
developed to aid functional studies of RNA m®A methylation. Wilson et al. (2020)
showed that fusion of dCas13 and m®A methyltransferase METTL3/METTL14 enabled
targeted RNA mfA methylation in bacterial and mammalian cells. Compared to a
similar system using modified RNA-guided DNA endonuclease Cas9 (Liu, X-M et al.
2019), TRM editor with METTL3 showed similar efficiency with considerably higher
specificity and simpler programmability. Similar systems with dCas13 from different
bacterial species fused to ALKBH5 have also been developed, enabling targeted mfA
demethylation in human cell lines (Li, Jiexin et al. 2020; Xia et al. 2021). Together,
these examples highlight the potential of using dCas13-based systems in uncovering
different aspects of RNA modifications. It could be expected that fusing dCas13 with
other RNA modifying domains will allow expanded manipulations such as changing
the effects of RNA modifications through “reader” domains, or installation/removal of
other RNA modifications. It is also not known if the binding of dCas13 itself to RNA
sequences would interfere with endogenous RNA methylation machinery and
functionality. Such effect might result in disturbed methylation status and allow study
of their function.
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Summary

RNA modifications have emerged as non-random and critical alterations to RNA that
ensure normal plant and animal development. However, their regulatory role, as of an
“epitranscriptome”, is currently not clear. Functional studies of RNA modifications are
lagging far behind the remarkable number of modified sites mapped transcriptome-
wide. Site-specific studies of RNA modifications’ function, and tools to manipulate
modified sites with high precision are needed. Meanwhile, the chemistry and available
resources make m®C and mPA two exceptional models to uncover the functional
landscape of RNA modifications in greater detail. In the following chapters, | describe
the development of synthetic tools aimed for targeted demethylation of RNA m°C and
m®A in plants, as well as substantial effort in deciphering the role of m®C in A. thaliana’s
root development in a site-specific manner. In particular, three research chapters are
presented before a general discussion chapter:

Chapter II: Towards targeted RNA N6-methyladenosine demethylation in plants
Chapter Ill: Towards targeted RNA 5-methylcytosine demethylation in plants

Chapter IV: Deciphering RNA 5-methylcytosine in Arabidopsis thaliana’s root
development
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Abstract

Representing the most prevalent RNA modifications on eukaryotic mRNA, NG6-
methyladenosine has been of interest for decades. Despite major progresses in the
field, a detailed picture of how specific m6A-modified sites impact gene expression and
phenotypes has been obscured by the inability to manipulate this modification with
high precision. In this chapter, | adopted the RNA-guided RNA targeting system
CRISPR-Cas13 for specific binding and removal of m®A methylation in A. thaliana.
Catalytically dead Cas13 (dCas13) tethered to the A. thaliana m®A demethylase
ALKBH10B caused phenotypical alterations when targeted to mfA-bearing mRNA
TRANSPARENT TESTA GLABRA 1 (TTG1), which correlated with a change in m®A
abundance of the transcript. Study of the phenotype and molecular analysis for the
TTG1-targeting dCas13-ALKBH10B transgenic plants revealed additional information
about the mechanism underlying the m®A sites’ activities. Together with recently
developed tools based on CRISPR-dCas13 for targeted m®A manipulations in animal,
dCas13-ALKBH10B described in this study offers the opportunity to obtain unbiased
and specific understanding of RNA mfA’s function and mechanism.

Introduction

N6-methyladenosine (m®fA) is the most prevalent and highly conserved internal RNA
modification on eukaryotic mRNA. In both plants and mammals, m®A is reversible and
requires a number of enzymes for its activities. A complex of proteins, known as
“writers”, is responsible for deposition of m°A to RNA, with key components being
Methyltransferase like3 (METTL3), METTL14 and Wilms’ tumor 1-associating protein
(WTAP) in mammals (Bokar et al. 1994; Liu, J et al. 2014; Ping et al. 2014), or
respective orthologs MTA, MTB and FKBP12 interacting protein 37 KD (FIP37) in
plants (Bujnicki et al. 2002; Ruzicka et al. 2017; Zhong et al. 2008). Fat-mass and
obesity associated protein (FTO) and AlkB homolog 5 (ALKBHS) actively demethylate
m®A in mammals (Jia et al. 2011; Zheng et al. 2013), while ALKBH10B and ALKBH9B
plays the role in plants (Duan et al. 2017; Martinez-Pérez et al. 2017). These proteins

are known as “erasers”. In addition, m®A is recognized by three major classes of
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“reader” proteins, YTH-domain protein family, serine/arginine-rich (SR) protein family,
and heterogeneous nuclear ribonucleoproteins (hnRNPs). Several YTH-domain
‘reader” proteins were reported in A. thaliana as EVOLUTIONARILY CONSERVED C
TERMINAL (ECT) proteins. These “readers” allow translation of mfA into downstream
effects, such as RNA stability, subcellular localization and splicing.

To date, most of the knowledge about the function and molecular mechanism of RNA
m®A is derived from studies on mutations of enzymes involving its deposition, removal
or recognition. Null mutants of a number of the core mfA “writer” complex are
embryonically lethal in A. thaliana, fly, and mouse (Geula et al. 2015; Hongay & Orr-
Weaver 2011; Ruzicka et al. 2017; Shen, L et al. 2016; Zhong et al. 2008), which
underscores the critical importance of m®A in embryonic development. FIP37 was
shown to affect shoot apical meristem (SAM) cell differentiation in A. thaliana, with
fip37 mutants exhibiting SAM over-proliferation and subsequent lack of aerial organs
(Ruzicka et al. 2017). Combining a number of molecular and genetic approaches, the
authors further linked the overproliferated SAM phenotype to increased stability in two
SAM-regulated transcripts SHOOT MERISTEMLESS (STM) and WUSCHEL (WUS)
upon the loss of mPA. In line with the report, several transcripts regulating floral
transition such as FLOWERING LOCUS T (FT), SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE 3 (SPL3) and SPL9 were shown to be destabilized upon accumulation
of m®A in the m®A “eraser” mutant alkbh10b, leading to the late flowering phenotype
in this mutant. In contrast, failure to recognize m®A in the “reader” mutant ect2-1 was
demonstrated to correlate with destabilization of transcripts including TRANSPARENT
TESTA GLABRA 1 (TTG1), IRREGULAR TRICHOME BRANCH1 (ITB1) and
DISTORTED TRICHOMES 2 (DIS2), which in turn correlate with an over-branching
phenotype of leaf trichome in A. thaliana. Together with ECT2, other m®A “readers”
such as ECT3 and ECT4 were shown to be essential for normal growth and
development of a number of organs throughout a plant life, such as root length and
gravitropism, leaf and flower patterning, and silique morphology. While these findings
derived from mutants of mfA-related enzymes are valuable, there is a lack of specificity
and solid connection between the phenotypes, causal transcripts, modified site(s) and

the underlying mechanism.
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To support unbiased evaluation of mA’s biological role, tools that allow manipulations
to specific modified sites in mammalian cells have been developed. Among the first
developed are the tools based on the RNA-guided DNA targeting system CRISPR-
Cas9. In these tools, catalytically inactive dCas9 was heavily engineered to bind to
RNA and fused to METTL3-METTL14 or ALKBH5/FTO to deposit or remove mfA,
respectively (Liu, X-M et al. 2019). Recently, similar systems utilizing the RNA-guided
RNA targeting system CRISPR-Cas13 and METTL3/METTL14 or ALKBH5 which offer
higher specificity and simpler programmability than the dCas9 fusions have also been
reported (Li, Jiexin et al. 2020; Wilson et al. 2020; Xia et al. 2021). Despite the

successes in animal studies, such systems in plants are absent.

Here, | developed a targeted mfA demethylase system by fusing catalytically inactive
dCas13b from Prevotella sp. P5-125 to ALKBH10B to form dCas13-ALKBH10B
(Figure 11I-1) for specific binding and altering m8A methylation status of mMRNA in A.
thaliana. | used the system to elucidate the connection between m®A on TTG7 and FT

mRNAs with trichome morphology and flowering time, respectively.

RNA target

Figure 1I-1: Harnessing Arabidopsis ALKBH10B and catalytically deactivated
enzyme dCas13 for targeted RNA m°C demethylation. The Arabidopsis ALKBH10B
tethered to RNA-guided RNA binding protein dCas13 potentially can be directed to

specific nucleotide(s) and enable targeted removal of RNA m°®A.
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Materials and Methods

Plasmid construction

dCas13-(m)ALKBH10B: dPspCas13b gene fragment (3.3 kb) was PCR amplified from
plasmids pC0054 (Addgene, Plasmids #103870) and cloned into pMDC32 backbone
by Gateway cloning to generate pCas13b. (m)ALKBH10B were ordered as

geneBlocks from Integrated DNA Technologies (IDT) and inserted at the 3’ of dCas13b
gene by Gibson Assembly (Gibson et al. 2009). For expression of gRNA (including
both inherent direct repeat (DR) and spacer which base-pairs with target), gene
fragments of AfU6-Bsalx2 were ordered as geneBlocks (IDT) and inserted into the
pCas13-(m)ALKBH10B plasmids. AfU6-1-Bsalx2 allows integration of new spacers to
be expressed by AtU6 by one step Golden gate cloning (Engler, Kandzia & Marillonnet
2008). An optimized protocol for Golden gate cloning including overnight incubation at
37°C and exclusion of the final 50°C incubation enabled highly reliable insertion of
spacers to dCas13-(m)ALKBH10B, which was confirmed by PCR of the insert, Sanger
sequencing and additional enzyme digest and PCR of sequence flanking Bsal sites
for a subset of constructs.

No-ALK: Gene fragment of a 5-methylcytosine dioxygenase, TET1, was cloned into
pCas13b plasmid instead of (m)ALKBH10B. This plasmid is described in detail in
Chapter IlI.

pEmpty: empty vector pEmpty which contains neither of dCas13-ALKBH10B nor
gRNA cassette was generated by Hindlll and Spel double digest of pCas13b plasmid
followed by T4 DNA ligation with a 24-nt filler sequence to replace the dCas13

fragment.
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Design of gRNA spacer for dCas13-(m)ALKBH10B (exclusively referred to as “spacer”
hereby)

Due to the presence of clustered targeted sites as well as the frequent occurrence of

adenosine nucleotides in the 3’'UTRs which would correspond to long T-stretches in
gRNA, spacers were designed to: (i) locate 2-6nt 5’ to a single targeted site, (ii) avoid
overlap with sites targeted by another spacer, (iii) avoid four consecutive adenosines.
Spacers were 28-nt long which is optimal length used by PspCas13b (Cox et al. 2017),
except for one spacer targeting the first méA motif near start codon of FT which was
24-nt long. Details of spacer sequence can be found in Supplementary Table 1I-S2.

Arabidopsis transformation and transgenic plant generation

Constructs were transformed into Agrobacterium USDA cells by electroporation for
subsequent plant transformation by floral dipping (Clough & Bent 1998).
Transformants were selected on 15ug/mL HygromycinB %2 MS medium. 3:1
segregation ratio was used to determine single-insertion event. Heterozygous plants
with single insert were carried to the next generations for generation to identify a
homozygous line. Plants were grown in long day conditions (16-hour light/8-hour
darkness) at 21°C.

Naming of transgenic plants

T4 generation plants were labelled with single numbers, for example #1, #2, #3. T>and
T3 plants carried their parent’'s names as prefixes, followed by their own labels, with a
dot “.” being the separator. For example, #1.1 indicates a T> plant that derived from
the T1 plant #1. Similarly, #1.1.1 indicates a T3 plant that derived from the T, plant

#1.1. Note that to simplify some figures, the hash sign “#” might be removed.

Phenotype characterization

Trichome branching: For T4, T2 plants, seeds were plated on selection medium (%2 MS,
no sucrose, 15 ug/mL HygromycinB), grown for 7-10 days before being transferred to
soil. The third and fourth true leaves of three-week old plants were taken for analysis.
All trichomes on each leave were examined for the number of branches under a light
microscope (Leica).
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Flowering time: T2 seeds were placed on 2 MS medium for identification of single-
copy lines and then seeds of these lines were sown directly on soil. The numbers of
rosette and cauline leaves were counted for each plant at anthesis.

RT-gPCR

Total RNA was extracted and purified from 14-day old shoot tissues of wild-type and
transgenic plants using Spectrum Plant Total RNA extraction kit (Sigma). cDNA was
synthesized with Superscript Ill Reverse transcriptase (Invitrogen) and used as input
for quantification with FastStart SYBR Green Master Mix (Roche) on a QuantStudio 7
Flex System (Applied Biosystems). Biological duplicates and technical triplicates were
assayed. TUBULIN 2 (TUB2) was used as internal control for normalization of

transcripts.

SELECT-gPCR

SELECT reaction was carried out as previously described (Xiao, Y et al. 2018). Briefly,
1-1.5 ug total RNA was mixed with 40 nM each of UP and DOWN probe, 5 uM dNTP
and 1X Cutsmart Buffer (NEB) in a 17 uL reaction. The mixture was incubated in

temperature gradient as follows: 90°C/1 min, 80°C/1 min, 70°C/1 min, 60°C/1 min,
50°C/1 min, 40°C/6 min. 3 uL of (0.01 U BSt 2.0 DNA polymerase, 0.5 U SplintR Ligase
and 1 uM ATP) was added to make a 20 uL final volume and mixture was incubated
at 40°C/20 min and 80°C/20 min and kept at 4°C. 2 uL of reaction was used as
template for gPCR with 2X Faststart Universal SYBR Green Master Mix (Roche) and
200uM each of SELECT forward and reverse primer. Probes and Primers are listed in

Supplementary Table 11-S2.
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Results
Design and construction of dCas13b-ALKBH10B

Tethering two or more functional domains to obtain a translational fusion with a novel

function is now common. Recently, dCas13 was fused to a number of domains or
proteins such as the RNA deaminase ADAR2, m°A “writer” METTL3/METTL14 or m°A
‘eraser” ALKBHS, allowing specific modifications to RNA molecules in mammalian
systems (Abudayyeh, O. O. et al. 2019; Cox et al. 2017; Li, Jiexin et al. 2020; Wilson
et al. 2020; Xia et al. 2021). These examples highlight the potential use of dCas13 in
a novel fusion for targeted manipulations of m®A in other organisms. Of several tested
dCas13 orthologs, dPspCas13b from Prevotella sp. P5-125 was reported to have high
targeting efficiency, a relatively small size and no reported toxicity compared to other
orthologs (Buchman et al. 2020; Zhang et al. 2020). | therefore used dPspCas13b to
develop a targeted mfA demethylation system in A. thaliana.

dPspCas13b offers specific binding to RNA and m®A demethylase catalytic activity can
be performed by Arabidopsis ALKBH10B. In order to enhance the specificity of
dCas13b-ALKBH10B translational fusion, | removed the RNA binding domain from
ALKBH10B and tethered only the catalytic domain (Figure IlI-2A) to the C-terminus of
dCas13b. Similarly, a second fusion of dCas13b and catalytically inactive ALKBH10B
domain (MALKBH10B) was generated as a control (Figure 1lI-2B). To facilitate protein
folding, a three-amino acid Glycine-Serine-Glycine (GSG) linker was inserted between
the two domains in each construct (van Rosmalen, Krom & Merkx 2017). To promote
localization of the dCas13b-(m)ALKBH10B fusions to the nucleus, a SV40 nuclear
localization signal (NLS) was added to the N-terminus.

The gRNAs comprising of both Cas13 intrinsic direct repeats (DRs) and spacers
matching RNA target sequences for the dCas13-(m)ALKBH10B system were
expressed under the Pol Il AfU6 promoter. The recognition motif known as the
Protospacer Adjacent Motif (PAM) or Protospacer Flanking Site (PFS) is not required
in most Cas13 orthologs including dPspCas13b when used in eukaryotes (Cox et al.
2017), which facilitates flexible targeting. In this study, spacers for each m°A target
nucleotide were placed 2-6 nucleotides 5’ of the target site. Depending on a particular
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target, slightly different gRNA design was adopted, which is detailed in the following
sections.

Both components, fusion protein and gRNA, of dCas13b-(m)ALKBH10 were combined
on a single vector (Figure II-2C). To construct dCas13b-(m)ALKBH10B, several
cloning steps were required (Figure 11-2C). Final dCas13b-(m)ALKBH10B constructs
utilized Type IIS restriction enzyme Bsal and Golden Gate cloning (Engler, Kandzia &
Marillonnet 2008) for integration of new spacers (Figure 11-2C).
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Figure 1I-2: Design and construction of dCas13b-(m)ALKBH10B. A, Catalytic
domain of ALKBH10B used in dCas13b-ALKBH10B fusion covers amino acid 325-569
of the full-length protein. Catalytically inactive mALKBH10B has mutations in two
conserved iron-binding residues H366A and E368A (Duan et al. 2017) (small black
diamonds). B, Two components of dCas13b-(m)ALKBH10B are gRNA (including both
DRs, charcoal diamonds and spacer, navy rectangle) driven by an AtU6 promoter, and
dCas13-(m)ALKBH10B fusion with a SV40 NLS sequence at the N-terminus. C, Flow
diagram of dCas13b-ALKBH10B construction. New spacers can be cloned into the

Bsal sites (underlined) by Golden gate cloning.

Selection of targets for testing dCas13b-ALKBH10B in A. thaliana
Often, observed in vitro efficiencies do not reflect the cellular activity and therefore

dCas13b-ALKBH10B constructs were directly tested in vivo in A. thaliana. To this end,
TRANSPARENT TESTA GLABRA 1 (TTG1) and Flowering locus T (FT) were two

endogenous mMRNA transcripts that were selected for my experiments.

In an early transcriptome-wide profiling of mfA in two A. thaliana accessions Can-0
and Hen-16, TTG1 was found to contain two m®A peaks near the start and stop codons
(Luo et al. 2014). Later, two separate studies utilizing mA-RNA immunoprecipitation
(mBA-RIP) confirmed the m8A peaks on TTG1, with the peak near stop codon-3'UTR
region being consistently more pronounced than the start codon peak (Duan et al.
2017; Wei, L-H et al. 2018). Wei, L-H et al. (2018) further proposed that these m°A
sites were bound by the mfA “reader” ECT2 and reduced transcript abundance of
TTG1 was observed in the ect2-1 mutant. Reduced TTG7 mRNA correlated with over-
branched trichome phenotype in ect2-1. Using computational approaches, putative
m®A nucleotides on TTG7 mRNA were predicted and documented in the RNA
modification database RMbase 2.0 (Xuan et al. 2017). According to this database,
TTG1 has four m8A sites clustered in the 3’'UTR and two single m®A sites in either the
5'UTR or CDS. The mfA on TTG1 is among the most well-supported m®A sites from
all m8A studies in A. thaliana to date. Therefore, | tested the efficacy of the dCas13b-
ALKBH10B to remove the methyl group from m®A sites on TTG7 mRNA.
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To comprehensively examine the efficacy of dCas13b-ALKBH10B, FT was chosen as
a second target mRNA. FT is a major regulator of flowering time in Arabidopsis under
long-day photoperiods (Qin, Bai & Wu 2017). Although being less well-documented
compared to m®A on TTG71 mRNA, FT was reported with a strong m°A peak near the
start codon and a second peak near the stop codon whose accumulation was linked
to the decreased stability of FT mRNA in alkbh10b, leading to a late-flowering
phenotype in the mutant (Duan et al. 2017). Directing dCas13b-ALKBH10B to the m°A
sites of FT mMRNA to remove the methyl groups was expected to produce early-
flowering plants, giving an easy phenotypic indicator of the fusion protein’s efficacy.

Below, | detail the work that have been accomplished for each target.

Targeting dCas13b-ALKBH10B to m°A sites on TTG1 altered trichome morphology
To efficiently target the putative m®A cluster in the 3’'UTR of TTG7 mRNA, a gRNA
array named “3’'UTR array” of four gRNA spacers was designed (Figure 1I-3A). Each

spacer was 4-6 nt 5’ to each putative m®A site. An additional array containing all four
3’'UTR spacers and two spacers targeting m®A sites on the CDS and 5’'UTR of TTG1,
named “all-gRNA array”, was also generated and introduced into both constructs with
active ALKBH10B and catalytically inactivated mALKBH10B. The expression of
dCas13-(m)ALKBH10B mRNA in transgenic plants was confirmed by RT-gPCR
(Supplementary Figure 11-S1).
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Figure I1-3: Trichome characterization of transgenic plants expressing dCas13b-
ALKBH10 targeting m®A sites on TTG1 mRNA. Constructs containing active
dCas13b-ALKBH10B with 3'UTR gRNA array (3’UTR gRNA array), active dCas13b-
ALKBH10B with gRNAs targeting all putative m®A sites on TTG17 (all-gRNA array), or
catalytically inactive dCas13b-mALKBH10B with all-gRNA array (mALK-all-gRNA)
were introduced into A. thaliana. Control constructs include empty vector, Scramble
gRNA (random sequence) and a plasmid with dCas13b but neither ALKBH10B or
mMALKBH10B (No-ALK). T2 (C, D, E) and T3 (F) generations were examined for
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trichome distribution on the third and fourth true leaves at three-week old. A,
Schematic of gRNA spacer design to target m®A sites on TTG7. B, Trichome
distribution in wild-type, single mutant of each of the m°A “readers” ECT2 (ect2-1) and
ECT3 (ect3-1), and ect2-1 ect3-1 double mutant. C, D, E, Trichome distribution in T»
transgenic plants expressing “mALK-all-gRNA”, “all-gRNA array” or “3’'UTR gRNA
array”, respectively. “#” denotes independent transgenic lines. F, Trichome distribution
of progenies of two plants in (E). Note that “4.1” or “4.4” prefix indicates the respective
parent as shown in (E). G, Trichomes of wild-type and a “3UTR gRNA array”
transgenic plant over-stained with DAPI for observation under an epifluorescence
microscope. H, Summary of over-branched trichome phenotype in each group of
transgenic plants. 40% or more of 4-, 5-, and 6-branch trichomes was considered
“over-branched trichome phenotype”. “Additional over-branched trichome lines found
in T3” are lines that were not found to have the phenotype in T2 but in T3 generation.
In one line of MALKBH10B, one out of 24 T» plants screened exhibited over-branched
trichome phenotype, compared to ratios of or above one in six in other lines with the
phenotype (Supplementary Figure 11-S2, Panel E of this figure), thus this line was not
considered an over-branched trichome line. The phenomenon could be explained by
residual activity of mMALKBH10B (Duan et al. 2017).

Given the vital role of TTG1 in trichome morphology regulation (Zhao et al. 2008) and
the observation that mutants of ECT mPA “readers” such as ECT2 and ECT3 had slight
to severely over-branched trichome phenotypes (Arribas-Hernandez et al. 2018;
Scutenaire et al. 2018; Wei, L-H et al. 2018), to examine the effect of dCas13b-
ALKBH10B when targeting m®A sites on TTG71 mRNA, | first screened for trichome
phenotypes of T> transgenic plants. The third and fourth true leaves of three-week old
T2 plants were analyzed. Indeed, | observed mild to highly over-branched trichome in
a number of independent transgenic lines expressing either the “3’UTR gRNA array”
(four out of six lines) or the “all-gRNA array” (five out of seven lines) (Figure 11-3D,E),
but not the lines with inactive mMALKBH10B, empty vector or without ALKBH10B (No-
ALK) (Figure 11-3C,H, Supplementary Figure 11-S2). Eight out of nine over-branched
trichome lines showed a similar level of over-branching when compared to either ect2-
1 or ect3-1 (Figure 11-3B,D). In one unique line of “3’'UTR gRNA array”, line #4, the
over-branching phenotype was similar or more severe than the highly branched ect2-
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1 ect3-1 double mutant (Figure |I-3E). A clear trend observed was that dependent
transgenic plants, that are within a line, can show high levels of trichome morphology
variation (Figure |I-3D-F). The variation did not correlate with transgene zygosity
(Supplementary Table 1I-S1). However, both the highly over-branching phenotype and
the variation within a line was inherited to the next generations (Figure II-3E,F,
Supplementary Figure 11-S3). Unexpectedly, plants containing a dCas13b-ALKBH10B
with a scrambled gRNA had a mild over-branched trichome phenotype, suggesting
off-target effect of the dCas13-ALKBH10B fusion (Supplementary Figure 1I-S2C).
Nonetheless, collectively, these results strongly pointed toward molecular perturbation
of trichome morphology regulatory network when targeting dCas13-ALKBH10B to
mMO6A sites on TTG1.

Next, | aimed to measure the level of m8A on TTG7 mRNAs in the transgenic plants,
by two methods: méA-RIP-gPCR and SELECT-gPCR (Xiao, Y et al. 2018). méA-RIP
utilizes m®A antibody to capture mfA-bearing RNA fragments which is then quantified
by gPCR. On the other hand, SELECT harnesses the ability of m8A to hinder both
DNA polymerization and ligation of DNA probes when splinted by an RNA template,
allowing determination of m®A level at a nucleotide via the threshold cycles (C: values)
in downstream qPCR (Figure 11-4A). Unfortunately, due to the technical difficulties of
each method and the time constraints, results for both methods were largely not
achieved. For mfA-RIP-gPCR, the main limitation was the substantial amount of input
RNA, 200-300 ug RNA, required for each biological sample, making assaying all
groups of transgenic plants laborious. Therefore, only a test with smaller amounts of
input RNA, 10-40 ug, was done. However, these small input amounts after going
through m®A-RIP did not give reliable quantitation of the 3'UTR region of TTG7 mRNA
(expected to contain mPA sites) in wild-type plants (Ct values ~30 or undetermined,
data not shown). Due to the time constraints, optimization and amendments to this
approach could not be performed. For SELECT-gPCR, two out of four targeted m°®A
nucleotides in the 3'UTR, “3'UTR site 2” and “3'UTR site 3”, and the m®A nucleotide in
CDS were assayed along with a non-m®A site residing in the 3'UTR, named “N-site”,
which serve as a negative control (Supplementary Figure 1I-S4A). However, three
sites: 3’'UTR site 3, CDS and N-site showed signs of non-specific amplification
(Supplementary Figure 11-S4B) and will require optimization of reaction components.
Nevertheless, | found two T2 transgenic lines targeting m®A cluster in 3’'UTR, line #3.5
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and #4.3, exhibited reduction in m®A levels at 3'UTR site 2 compared to wild-type,
pEmpty and Scramble gRNA lines in two independent experiments (Figure [I-4C,
Supplementary Figure 11-4C). An additional line with the “all-gRNA array”, line #1.3,
that did not show over-branched trichome phenotype also had slight reduction in the
m®A level at the site (Figure II-4C). However, a “mALK-all gRNA” line, #2.4, exhibited
variable results in the two experiments (Figure 11-4C, Supplementary Figure [1-4C).
Therefore, the m®A level in TTG1-targeting dCas13b-ALKBH10B remain to be

confirmed.
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Figure II-4: Molecular characterization of transgenic plants expressing dCas13b-
ALKBH10 to target m®A sites on TTG71 mRNA. A, Principle of SELECT-gqPCR for
site-specific determination of mfA abundance (Xiao, Y et al. 2018). Two DNA probes
matching sequences flanking the nucleotide of interest on an mRNA are incubated
with the RNA template, DNA polymerase such as Bst v2.0 and a splint ligase. m°A
hinders both the DNA polymerization and ligation while a non-m®A nucleotide allows
the reactions to occur. Successful elongation and ligation of DNA splinted by a non-
mOA template results in the strand being amplified with low C; value in subsequent
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gPCR, which is in contrast to an m®A-template. B, m°A site 2 (arrowed) in the 3UTR
of TTG1 was assayed with SELECT-gPCR and results (C: values) are shown in (C).
C, SELECT-gPCR results of 14-day old shoot tissues of T3 transgenic plants depicted
in (B). Note that bulked tissues were used, thus samples are shown with their parents’
names. Technical triplicates were performed. Asterisks indicate statistical significance
of the difference between each transgenic line and wild-type by Welch’s t test. *: p
value <0.05; **: p value < 0.01; ***: p value < 0.001; ns: not significant. 3UTR, “3’'UTR
gRNA array” plants; all, “all-gRNA array” plants.

Along with assessing m®A abundance on TTG71 mRNA, | examined the steady-state
TTG1 mRNA transcript abundance in the dCas13b-ALKBH10B transgenic lines and
controls by RT-gPCR. Two “3’'UTR gRNA array” transgenic lines showing strong over-
branched trichome phenotype, two “all-gRNA array” homozygous lines which did not
show over-branching of trichome, two lines of mALK-all-gRNA, one line of the
scrambled gRNA, along with wild-type and ect2-1 mutant were assayed (Figure 11I-5).
Interestingly, TTG1 transcript abundance was not significantly (p value >0.1) reduced
in ect2-1 compared to wild-type. This result was different from the results obtained by
a similar RT-gPCR experiment for wild-type and ect2-1 reported previously (Wei, L-H
et al. 2018), however was consistent with the RNA-seq data provided in the same
study. Both “3’'UTR gRNA array” lines that showed a strong over-branched trichome
phenotype had the same TTG7 mRNA abundance compared to wild-type. Together,
these results suggest that méA on TTG7 mRNA does not regulate trichome
morphology through TTG71 mRNA abundance but through a different mechanism. In
addition, three out of four transgenic lines expressing “all-gRNA array”, two lines with
active ALKBH10B and two lines with mALKBH10B, exhibited increased TTG7 mRNA
abundance, suggesting that dCas13b-(m)ALKBH10 binding to 5’UTR or CDS of TTG1
MRNA can interfere with mRNA turnover rates.
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Figure 1I-5: TTG1 mRNA abundance in transgenic plants expressing TTG1-
targeting dCas13b-ALKBH10. RT-gPCR was performed for total RNA extracted from
14-day old shoot tissues. Biological duplicates and technical triplicates were
performed. ACT2 was an internal control. Error bars represent standard deviation of

mean. Welch’s t test. *: p value <0.05; **: p value < 0.01.
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Targeting dCas13b-ALKBH10B to FT did not cause late or early flowering

For the second target, FT, due to the unavailability of single nucleotide resolution mfA
data, | searched for the m®A consensus motif DRACH (D = not C, R=A or G, H = not
G) in 75-nt regions flanking the m®A RIP peaks near the start or stop codons identified
in Duan et al. (2017). The search gained six and two DRACH sites near FT’s start and
stop codons, respectively (Figure II-6A, Supplementary Information).

Four different single spacers were designed to direct dCas13b-ALKBH10B to the
DRACH sites on FT mRNA. Due to the close distribution of the six DRACH sites near
the start codon, three spacers were designed to cover all these DRACH sites but do
not overlap each other (Figure II-6A). Each spacer was 2-3 nt 5’ of a DRACH site. Al
spacer sequences can be found in Supplementary Table 1I-S2. Each of the four
spacers were cloned into both constructs with dCas13-ALKBH10B and dCas13-
mALKBH10B. The resulting eight constructs were transformed into wild-type A.
thaliana and twelve T plants were isolated for each construct. One to three T4 plants
with single transgene insert of each construct were selected and their seeds, that is
T2 generation, were subject to a flowering time assay. The flowering time of the
dCas13-ALKBH10B T: plants and controls including wild-type, two homozygous
scramble gRNA and three homozygous empty vector lines was measured under long
day photoperiods. However, none of the transgenic lines exhibited a significantly
earlier or later flowering time than wild-type (Figure 11-6B,C).

54



gRNA 4

v
gRNA 2 gRNA 3

gRNA 1

FT mRNA

—8—fF—e1 0
o ¢o—8EEHo
Q
&
o 13
o 8
a8
o 3
o+ o
ore—Y
o 3
9 o
00
86
o o S
o 3
o
88
2 o
g
gro
o o
q o
&5
—fF— o
o 84 o -
SF—eZ—= o
0 o o—s—¢ I
T T T T 1
o o o
N -~

Buliomoy} Je saAed| Jo Jaquinu |ejo]

BuLIdMO[} Je SBARS| 9)39S0. JO JaquINN

= - &,
o B—B=H
A@o,z
o 7
2, %,
<] 8 b, (3
. Ta o
o m ] " L\VV‘
; by,
S @o.
o +g F
b,
org—e A\QOWV
n.V o %&V VVA‘\
o a‘Q,
o——F§ e
o Q b,
0 é@g
o re— *VV‘
o ..PV %
. %o
o8
&—= <
o H szs@o.
s Y
o +Hg \szs <
o—8F—— 9 @o,
e T 5 L
E x5,
S——F—= o \omo,v
(4
. e
s . z . L

55



Figure 1I-6: Targeting dCas13b-ALKBH10B to DRACH motifs on FT mRNA. mfA
consensus motif DRACH was used fo design spacers to direct dCas13b-ALKBH10B
to m8A on FT. Full FT-targeting dCas13b-ALKBH10B constructs were introduced into
A. thaliana and T2 transgenic plants were monitored for their numbers of leaves at
flowering under long day photoperiods. A, Positioning of spacers for dCas13b-
ALKBH10B to target DRACH sites on FT. FT genomic structure is depicted as black
boxes (exons) and black lines (introns and UTRs). Orange lollipop shapes represent
m6A consensus DRACH motifs near FT's start and stop codon. Small navy bars
underneath are spacers for gRNAs of dCas13b-ALKBH10B. DRACH sites and
spacers are not to scale. B-C, Total number of leaves (rosette + cauline) (B) or number
of rosette leave only (C) at flowering of FT-targeting dCas13b-ALKBH10B T» plants.
Each bar represents an independent transgenic line. Error bars represent standard

deviation of mean.
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Discussion

Functional studies of RNA mfA in plants are restricted by the lack of tools to
manipulate the modification specifically. Here, | developed a dCas13b-ALKBH10B
fusion and tested its demethylation effect on two mRNA targets TTG7 and FT in A.
thaliana. Targeting of the translational fusion to m6A sites on TTG7 mRNA increased
the trichome branching as expected, with slight reduction in m6A level at one targeted
site detected. Meanwhile, targeting the fusion to FT mRNA did not change the

flowering time.

The trichome phenotype of transgenic dCas13-ALKBH10B TTG1 targeted plants
While m®A level in TTG1-targeting dCas13b-ALKBH10B plants remains an importance

investigation to be done, the altered trichome phenotype in the plants has delivered
interesting messages: Firstly, no effect of ALKBH10B over-expression on vegetative
growth has been reported. The over-branched trichome phenotype in most of the
transgenic lines with either “3’'UTR gRNA array” or “all-gRNA array”, and some of the
Scramble gRNA lines, is in line with the similar phenotypes observed in the mutants
of m®A “readers” as demonstrated in this study, or of the m®A deficient mutants mta
and fip37 (Ruzicka et al. 2017). This data points toward effective removal of m°A on
TTG1 by dCas13-ALKBH10B, and supports a link between m®A regulation of trichome
morphology and TTG7 mRNA as previously reported (Wei, L-H et al. 2018). However,
the m®A regulation of trichome morphology is not via TTG7 mRNA abundance, as
shown in RT-gPCR results in this study. Secondly, the trichome phenotype observed
in transgenic plants are highly variable and inheritable. While the differential
expression of dCas13b-ALKBH10B (Supplementary Figure 11-S1) and the dynamic of
RNA turnover and metabolism partially explain the variations, the drastically different
phenotypes within dependent plants of the same transgenic line might point toward a
dosage-dependent or threshold mechanism of a key factor in the regulation of the
phenotype. In fact, TTG1 and other components of the core trichome initiation complex
were postulated to function in a dosage manner (Pesch et al. 2015). Alternatively, the
high-level variations might be a result of dCas13-ALKBH10B-mediated disruption of
phenotypic variation buffering (Queitsch, Sangster & Lindquist 2002). In addition, the
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absence of over-branched trichome phenotype in one generation and its return in the
next suggested that the effect might be reprogrammed during meiosis.

No flowering time effect when FT mRNA was targeted

There are several explanations for no detection of early-flowering in FT m°A targeted
transgenic plants: (i) One spacer might not be enough to remove the m®A cluster and
to have a detectable effect; (ii) Targeting FT mRNA might not be the key to altering
the floral transition, either due to the insignificance of the m®A on the FT transcript or
other regulators such as SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE3 (SL3)
and SL9 (Duan et al. 2017) are important m6A targets. Further molecular
characterization of the transgenic plants will be required to clarify the demethylation
efficiency of dCas13b-ALKBH10B at m®A sites on FT.

Design of dCas13b-ALKBH10B

m®As largely cluster to 3UTR and 5’'UTR sequences in which adenosine bases occur

frequently. One limitation for the current design of the dCas13-ALKBH10B system is
the promoter driving gRNA expression — U6 — utilizes T-stretch as transcriptional
terminators, which might result in lower production of gRNA bearing a 4-T stretch. In
human, a 4-T stretch can cause 75% reduction in transcription using U6 (Gao, Z,
Herrera-Carrillo & Berkhout 2018). It is important to also note that direct repeat
sequence of PspCas13b used in this study contain a T4 stretch, yet U6 was
successfully used in the pioneering paper of A to | editing with dCas13-ADAR2 in
human cells (Cox et al 2017).

While it is theoretically feasible to calculate, or predict, optimal binding site for gRNA
of a dCas13 fusion, this could be a great challenge in practice, especially to target
RNAs which have largely unpredictable and dynamic secondary structures. In line with
this argument, study with dCas13-ALKBHS (Li, Jiexin et al. 2020) reported successful
removal of m®A in human cell line with gRNA distancing up to three kilobases (3kb)
from targeted sites. Wilson et al. (2020) reported gRNA binding 8-15 nt 5’ of targeted
sites having most efficient methylation activity, which varies amongst targets. Study
by Xia et al. (2021) on the other hand demonstrated that the 10-nucleotide window
around targeted sites are most efficient for either dCasRx-ALKBHS5 or dCasRx-

58



METLLS3 and used spacers overlapping targeted sites for their study. This is somewhat
surprising however, as ALKBH5 and METLL3 are single-stranded RNA enzymes and
are expected to be less active on paired nucleotides.

ALKBHS contains an RNA binding domain, which could be expected to give non-
specific binding and therefore off-target effect when fused to a dCas13. All of the
published dCas13-ALKBH5 studies however reported a minimal such effect in
mammalian cells. In contrast, having remove the putative RNA binding domain from
ALKBH10B fused to dCas13b, | still detected plants with over-branched trichome
phenotype in Scramble gRNA transgenic plants. This poses the question of whether
previous studies were not able to detect off-target effect comprehensively, or this effect
is specific in plants. However, | cannot exclude the possibility that the Scramble gRNA
sequence may bind non-specifically to multiple transcripts or genomic regions, causing
unexpected effects, despite the unlikelihood of hits to the A. thaliana genome when
predicted informatically using NCBI BLAST (data not shown). Further investigations
will be required to clarify the observation.
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Supplementary Data
Supplementary Table:

Supplementary Table 1I-S1: Example of poor correlation between transgene
zygosity and trichome phenotype of TTG7-targeting dCas13b-ALKBH10B
transgenic plants. Four independent transgenic lines, #1 to #4, of “3’'UTR gRNA
array” are shown. Three-week old plants heterozygous or homozygous for the
transgene were examined for trichome distribution. 240% of trichome with four or more
than four branches (4+ branch trichome) is considered over-branched trichome
phenotype, with the over-branching levels colour-coded as in the right panel. +/+:

homozygous line, shaded in light green.

% of 4+ branch
T1 T2 trichome
#1.1 24.6
41 #1.2 13.0 35 <x<40
#1.3 46.4 40 <x<55
#1.4 34.9 >55
#2.6 35.7
#2.5 23.3 ikl
TTG1-3'UTR-gRNA #2 #2.3 34.0
array #3.5 39.8
#3 #3.6 47.8
#4.1 11.7
#4.2 11.3
#4.3 13.9
#4.4
#4.7
#4 #4.11
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Supplementary Table 1I-S2: DNA sequences used in this chapter

RT-qPCR primers to check expression of dCas13b-ALKBH10B mRNA

Casl13_ALK gF GCCGTTAGGTCTCTTGTATTCTGG
Cas13_ALK gR GGGGAGTACGCCATCATGA
Spacer sequences

TTG1-g6-UTR3/1-F CAAC CTAAAATCCTTATTGATCACTTCACATCG
TTG1-g6-UTR3/1-R ACAAC GATGTGAAGTGATCAATAAGGATTTTAG
TTG1-g6-UTR3/2-F CAAC TTACAATCAGATAGATACAGAGTCATTG G
TTG1-g6-UTR3/2-R ACAAC CAATGACTCTGTATCTATCTGATTGTAA
TTG1-g6-UTR3/3-F CAAC AAATGAATTCAGTTTTAGTTACAATCAG G
TTG1-g6-UTR3/3-R ACAAC CTGATTGTAACTAAAACTGAATTCATTT
TTG1-g6-UTR3/4-F CAAC ACACAACATAAGATAATAGTATCATTTG G
TTG1-g6-UTR3/4-R ACAAC CAAATGATACTATTATCTTATGTTGTGT
TTG1-g6-CDS-F CAAC ATCTGGATAACGAATCTGGAGCTGAATT G
TTG1-g6-CDS-R ACAAC AATTCAGCTCCAGATTCGTTATCCAGAT
TTG1-g6-UTR5-F CAAC GGTCAGTGTCAGTCGGATTTTTCAAGAG G
TTG1-g6-UTR5-R ACAAC CTCTTGAAAAATCCGACTGACACTGACC
FT-gRNA1-F CAACTTTGTTTCTGCTTCTTTAATTTGT G
FT-gRNA1-R ACAAC ACAAATTAAAGAAGCAGAAACAAA
FT-gRNA2-F CAAC CTCTGTGTTGATTGTTTCTGTTTTACTT G
FT-gRNA2-R ACAAC AAGTAAAACAGAAACAATCAACACAGAG
FT-gRNA3-F CAAC CTTATATTTATAGACATCTTTGATCTTG G
FT-gRNA3-R ACAAC CAAGATCAAAGATGTCTATAAATATAAG
FT-gRNA4-F CAAC TCTTCCTCCGCAGCCACTCTCCCTCTGA G
FT-gRNA4-R ACAAC TCAGAGGGAGAGTGGCTGCGGAGGAAGA
Scramble_F CAACGCTAGCTAGCGGCATCATTGACCATACTG
Scramble_R ACAACAGTATGGTCAATGATGCCGCTAGCTAGC

SELECT-gPCR primers and probes
SELECT-qF ATGCAGCGACTCAGCCTCTG
SELECT-gR TAGCCAGTACCGTAGTGCGTG
TTG1-3UTR-2-X-UP TAGCCAGTACCGTAGTGCGTG TGGTTCATCAAATGAATTCAG
TTG1-3UTR-2-X-DOWN TTTAGTTACAATCAGATAGATACA CAGAGGCTGAGTCGCTGCAT
TTG1-3UTR-3-X-UP TAGCCAGTACCGTAGTGCGTGCAACATAAGATAATAGTATCATTTGG
TTG1-3UTR-3-X-DOWN TCATCAAATGAATTCAGTTTTAG CAGAGGCTGAGTCGCTGCAT
TTG1-3UTR-N-UP TAGCCAGTACCGTAGTGCGTGTTTAGTTACAATCAGATAGATACAG
TTG1-3UTR-N-DOWN GTCATTGCGGACCTAAAA CAGAGGCTGAGTCGCTGCAT
TTG1-CDS-X-UP TAGCCAGTACCGTAGTGCGTG CGTATGTGACGGCGG
TTG1-CDS-X-DOWN TTCCGATCTGGATAACGA CAGAGGCTGAGTCGCTGCAT
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Supplementary Figure:
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Supplementary Figure 1I-S1: Expression of dCas13b-ALKBH10B mRNA in A.
thaliana determined by RT-gPCR. Primers binding to the dCas13b-ALKBH10
junction (Supplementary Table [I-S2) were used to detect the transcript in RT-gPCR
(Upper). Detection of Ctvalues above 30 likely indicate false signals. TUB2 was shown
as a control (Lower). Biological duplicates and technical triplicates were performed.
J'UTR, “3'UTR gRNA array” plants. all, “all-gRNA array” plants. “#” denotes transgenic

line used.
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Supplementary Figure 11-S2: Trichome phenotype of TTG17-targeting dCas13b-
ALKBH10B and control vector T2 transgenic plants. The third and fourth true
leaves of 3-week old T2 plants were analyzed. A, 3’UTR gRNA array. B, all-gRNA
array. C, Scramble gRNA. D, mALK-all gRNA. E, pEmpty. F, No-ALK. Plants showing
over-branched trichome phenotype (240% of 4-, 5- and 6-branch trichomes) are
circled in red. One line (T1) of “3’'UTR-gRNA array”, one line of “all-gRNA array”, and
twelve plants (T2) of “mALK-all gRNA #3” that did not exhibit over-branched trichome

phenotype are not shown but summarized in Figure II-3.
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Supplementary Figure 11-S3: Trichome phenotype of TTG17-targeting dCas13b-
ALKBH10B and control vector T3 transgenic plants. The third and fourth true
leaves of 3-week old T3 plants were analyzed. A, 3’UTR gRNA array. B, all-gRNA
array. C, Scramble gRNA. D, mALK-all-gRNA. Plants showing over-branched

trichome phenotype (240% of 4-, 5- and 6-branch trichomes) are circled in red.
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Supplementary Figure 1I-S4: SELECT-qPCR for site-specific m6A quantification
of TTG1-targeting dCas13b-ALKBH10B plants. A, Target sites on TTG7 mRNA
planned for SELECT-gPCR. m6A site 2 and site 3in 3’UTR of TTG17, the m6A on CDS,
a non-mo6A site (N site) residing in between m6A site 2 and site 1 in 3UTR of TTG1
were subject to SELECT incubation with DNA probes, DNA polymerase and ligase,
and subsequent gPCR. B, End-point gPCR products on 1.5% agarose gel showed
non-specific amplification with probes for 3'UTR site 3, CDS (red stars) and N-site (all
products are expected ~95bp long). Consistent with this, gPCR melt curve plots for
3'UTR site 3 and CDS showed subtle shoulder, although Sanger sequencing largely
confirmed the main products were correct (data not shown). C, SELECT-qPCR results
(Ct values) for wild-type and dCas13b-ALKBH10B transgenic plants. Bulked 14-day
old shoot tissues of T3 plants were used. Technical triplicates were performed.
Asterisks indicate statistical significance of the difference between each transgenic
line and wild-type by Welch'’s t test. **: p value < 0.01; ns: not significant. 3'UTR,
“3’'UTR gRNA array”.
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Supplementary Information:

Sequence of FT full-length CDS. DRACH motifs in <75 nt distance from either start
or stop codon (underlined) are highlighted in red.

acaaattaaagaagcagaaacaaaaacaagtaaaacagaaacaatcaacacagagaaaccacctgtttgticaa
gatcaaagATGTCTATAAATATAAGAGACCCTCTTATAGTAAGCAGAGTTGTTGGAG
ACGTTCTTGATCCGTTTAATAGATCAATCACTCTAAAGGTTACTTATGGCCAAAG
AGAGGTGACTAATGGCTTGGATCTAAGGCCTTCTCAGGTTCAAAACAAGCCAAG
AGTTGAGATTGGTGGAGAAGACCTCAGGAACTTCTATACTTTGGTTATGGTGGA
TCCAGATGTTCCAAGTCCTAGCAACCCTCACCTCCGAGAATATCTCCATTGGTT
GGTGACTGATATCCCTGCTACAACTGGAACAACCTTTGGCAATGAGATTGTGTG
TTACGAAAATCCAAGTCCCACTGCAGGAATTCATCGTGTCGTGTTTATATTGTTT
CGACAGCTTGGCAGGCAAACAGTGTATGCACCAGGGTGGCGCCAGAACTTCAA
CACTCGCGAGTTTGCTGAGATCTACAATCTCGGCCTTCCCGTGGCCGCAGTTTT
CTACAATTGTCAGAGGGAGAGTGGCTGCGGAGGAAGAAGACTTTAGatggcttcttce
tttataaccaattgatattgcatactctgatgagatttatgcatctatagtattttaatttaataaccattttatgatacgagtaa
cgaacggtgatgatgcctatagtagttcaatatataagtgtgtaataaaaatgagagggggaggaaaatgagagtgtt
ttacttatatagtgtgtgatgcgataattatattaatctacatgaaatgaagtgttatatttatacttta
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Chapter lll: Towards targeted RNA 5-methylcytosine

demethylation in plants
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Abstract

Methylation at the fifth carbon on cytosine (5-methylcytosine, m°C) in DNA is well
established as an important epigenetic regulator of gene expression. In contrast, the
role and mechanism of this modification on RNA remains largely elusive, partly due to
the lack of molecular tools to manipulate it with high specificity. Here, | report the
utilization of two RNA binding platforms CRISPR-dCas13 and Short Tandem Target
Mimic (STTM) for specific binding and altering m°C methylation status of mMRNA
targets in plants. Fusion of dCas13 to the human dioxygenase TET1 (hTET1) allowed
removal of m°C on a sensor sequence detected via expression of conjugated
Luciferase gene. The system also altered an endogenous m°C site on MAIGO5 in A.
thaliana, possibly converting it into the oxidized product 5-hydroxylmethylcytosine
(hm®C). Binding of STTM to target site, although hypothesized to interfere with m°C
methyltransferase complex, might have led to degradation of non-modified target
transcript, suggesting plausible alteration in secondary structure of the m°C-modified
transcript. The study demonstrates, to my knowledge, the first manipulations on RNA
m°C by a synthetic system in a highly programmable manner; and an initial failure in
adopting an RNA-based system to modify RNA modification which however might
have given us insight into the mode of action of an m°C site.

Introduction

As early as 1979, DNA m°C methylation was linked to regulation of gene expression
(Jones & Taylor 1980; McGhee & Ginder 1979). Extensive studies over the years have
provided relatively detailed insights about the mechanism and critical impacts of DNA
m°C in a number of key developmental events such as embryogenesis, X-
chromosome inactivation and genomic imprinting (Li, E, Beard & Jaenisch 1993;
Mohandas, Sparkes & Shapiro 1981; Razin & Shemer 1995). DNA m°C is also well-
known as a widespread strategy used by the cell to suppress gene expression in both
prokaryotes and eukaryotes, although the DNA methylation landscape, global level
and factors involved can differ drastically amongst taxa. For example, in plants, DNA
demethylation is carried out through base-excision repair, while mammails likely utilize
multi-step conversion of methylated to non-methylated base catalyzed by the DNA
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m°C dioxygenase TEN-ELEVEN TRANSLOCATION protein family (Ito et al. 2011)
(Figure IlI-1A). Interestingly, quite evolutionarily conserved, a number of enzymes
taking part in DNA m°C metabolism also play roles in m°C methylation of RNA. For
example, the DNA m°C methyltransferase DNMT2 can install m°C on RNA, along with
a second class of RNA methyltransferase known as tRNA specific methyltransferase
4 or NOL1/NOP2/SUN domain protein 2 (TRM4/NSUN2). In D. melanogaster, the only
ortholog of the DNA m°C dioxygenase TET family, dTET, instead catalyzes oxidation
of RNA m°C into hm®C, but not DNA m°C. Human TET proteins were also reported
with m®C dioxygenase activities on RNA in vitro and in vivo, with TET1 showing the
highest activity (Fu et al. 2014; He, Chongsheng et al. 2021; Lan et al. 2020; Shen, H
et al. 2021) (Figure IlI-1B). Despite sharing similarities in chemical properties and
several enzymes involving its biology with the DNA counterpart, RNA m®°C is still a

relatively new and perplexing frontier.

Understanding of RNA m°C methylation has come mostly from studies on the
mutations of the enzymes depositing and recognizing it, which often does not provide
direct evidence and is poor in specificity due to global changes in the methylation
landscape. The lack of specificity hamper confirmation and deeper understanding of
RNA m°C’s functions and mode of actions. Molecular tools that allow targeted
manipulations of RNA m°C, for example specific removal, would greatly advance our
understanding of this “epitranscriptomic” mark, yet have been absent from the field.

A tool that actively removes RNA m°C would essentially need to contain a domain
capable of converting the methylated base back to conventional cytosine. On DNA,
TET1 has been adopted to convert m°C into the oxidative product hm®C, allowing
investigation of DNA m°C’s functions in a number of studies in both animals and plants
(Choudhury et al. 2016; Gallego-Bartolomé et al. 2018; Ji et al. 2018; Liu, XS et al.
2016). Given the lack of a known RNA m°C removing enzyme and the potential
activities of TET1 on RNA m°C (Fu et al. 2014; Lan et al. 2020), TET1 stands out as
a domain that could be harnessed for targeted RNA m°C-to-hm°C conversion, when
tethered to a programmable RNA binding domain.
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CRISPR-Cas13 is a highly specific and programmable RNA-guided RNA targeting
system. Catalytically deactivated versions of Cas13 (dCas13) retain high binding
affinity to target RNA and programmability provided by guide RNAs (Abudayyeh, Omar
O. et al. 2017; Abudayyeh, Omar O. et al. 2016; Konermann et al. 2018; Smargon et
al. 2017). Fusion of several dCas13 proteins from different bacterial species such as
dLwaCas13a, dPspCas13b and dRfxCas13d with different RNA modifying domains
has enabled successful RNA editing and targeted m®A methylation/demethylation in
mammalian cells (Abudayyeh, O. O. et al. 2019; Cox et al. 2017; Li, Jiexin et al. 2020;
Wilson et al. 2020; Xia et al. 2021), strongly highlighting the potential of dCas13 as
RNA binding platform for targeted RNA m°C demethylation. In the present study, |
tethered dLwaCas13a or dPspCas13b to the human dioxygenase TET1 (hTET1) to
create a targeted m°C removing system dCas13-hTET1 (Figure Ill-1), specifically in
plants.
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Figure IlI-1: Harnessing the human DNA dioxygenase TET1 (hTET1) and
catalytically deactivated enzyme dCas13 for targeted RNA m°C demethylation.
A, Serial oxidations catalyzed by hTET1 in DNA (Salomao et al 2019). 5-
methylsytosine (m°C) is oxidized to cytosine (C) through intermediates 5-
hydroxymethylcytosine (hm°C), 5-formylcytosine (f°C), and 5-carbonylcytosine (ca°C).
These reactions may occur on RNA (Fu et al. 2014; Shen, Q et al. 2018), especially
the first oxidation step (m°C to hm°C) (B,) was demonstrated in vitro (Fu et al 2014).
C, hTET1 tethered to RNA-guided RNA binding protein dCas13 potentially can be
directed to specific nucleotide(s) and enable oxidative conversion of RNA m°C.
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In addition to active targeted RNA demethylation, interfering with deposition of a
modification can also provide information about its importance, which could be
achieved by selective binding of proteins or RNAs to the target site. Here, | explore
the potential of Short Tandem Target Mimic (STTM) (Tang, G. et al. 2012), a RNA-
based technique that binds and either sequesters or triggers degradation of microRNA
targets, in binding to mMRNA and interfering with activity of m®C methyltransferase(s).
STTM itself is derived from Target Mimic (TM), a non-coding RNA of 542 nt containing
imperfect binding site, with mismatches and a bulge, to a microRNA and sequesters
microRNA away from its mRNA target (Franco-Zorrilla et al. 2007) (Figure IlI-2A).
STTM instead has two perfect binding sites for microRNA, except the bulges, and a
partially self-complementary central stem-loop (Figure 111-2B). STTM rather triggers
degradation of microRNAs in plants (Yan et al. 2012), although there was evidence of
its inhibition/sequestration activity in animal cells (Tang, G. et al. 2012). Inspired by
the activities of TM and STTM, and the notion that binding of microRNA to mRNA
target can induce translation inhibition by altering the conformation of translating
ribosomes (Ma, X et al. 2013), | designed and tested two RNA structures based on
STTM with respect to their potential to bind to mRNA and interfere with m>C deposition
by methyltransferases (Figure 111-2C). In the two designs, the central stem-loop is
partially self-complementary to stabilize the whole structure. Two binding sites of
STTM and mutated STTM (mSTTM) either contain bulges (STTM) or no bulges
(mSTTM). The design of STTM and/or mSTTM are expected to be stable, binds to
mRNA target but does not cause cleavage, and prevent m°C methyltransferase(s)
from depositing the mark on target (Figure I1I-2D).
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Figure IlI-2: Adopting STTM for preventing methylation on mRNA nucleobases.
A, TM containing a microRNA binding site (golden brown) sequesters the microRNA
from acting on target mRNA. A CUA bulge in the TM structure allows the TM to bind
to the microRNA but is not cleaved. B, STTM derived from TM is used to block function
of microRNA. The STTM structure contains two small RNA binding sites matching
targets with essential bulges within each site and an imperfect stem-loop linker of 48-
88 nucleotide (nt) long. C, Designs of STTM and mSTTM to prevent RNA methylation.
Arrowheads highlight bulges in the STTM structure that were removed from the
mSTTM. D, Hypothetical activity of STTM or mSTTM: (m)STTM binding to mRNA
might prevent access of methyltransferase(s) or alter methyltransferase conformation

and subsequently prevent methylation from occurring.

In the following sections, | describe what have been and not been achieved in
developing dCas13- or STTM-based system for targeted RNA m°C manipulation in
plants. First, | created dCas13-TET1 fusion for specific binding to mRNA and removal
of m°C site in proximity. Second, | adapted the STTM conventionally designed for
targeting small RNA molecules to instead target mRNA in order to prevent methylation

at sites of interest.
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Materials and methods

Plasmid construction

dCas13-(m)TET1: msfGFP-dLwaCas13a and dPspCas13b (4.4 kb and 3.3 kb
respectively) gene fragments were amplified from plasmids pC035 and pC0054
(Addgene, Plasmids #91925 and #103870) and cloned into pMDC32 backbone by
Gateway cloning to generate pCas13a and pCas13b, respectively. Sequence

encoding catalytic domains of (m)hTET1 was amplified from pIRES-hrGFP II-
(m)TET1-CD plasmid (Addgene, Plasmid #83568 and #83571) and inserted at 3’ end
of dCas13 genes by Gibson Assembly (Gibson et al. 2009). For expression of gRNA
(including both intrinsic direct repeat (DR) and spacer which base-pairs with target),
gene fragments of AtU6-Bsalx2 or AfU6-Mlul-Bcll were ordered as geneBlocks (IDT)
and inserted onto the pCas13-(m)TET1 plasmids. AtU6-Bsalx2 or AtU6-Mlul-Bcll
allows integration of new spacers to be expressed by AtU6 by either conventional two
step digestion-ligation DNA assembly or one step Golden gate cloning (Engler,
Kandzia & Marillonnet 2008). Optimized protocol for Golden gate cloning including
overnight incubation at 37°C and exclusion of the final 50°C incubation enabled highly
reliable insertion of spacers to dCas13-TET1, which was confirmed by PCR of the
insert, Sanger sequencing and additional enzyme digest and PCR of sequence

flanking Bsal sites for a subset of constructs.

pEmpty and pGRNA: empty vector pEmpty which contains neither of dCas13-hTET1
nor gRNA cassette was generated by Hindlll and Spel double digest of pCas13
plasmid followed by T4 DNA ligation with a 24-nt filler sequence to replace the dCas13
fragment. Similarly, plasmids expressing gRNA only (pGRNA) were derived from
respective complete dCas13-TET1 plasmids by removing dCas13-TET1 fragment with
Hindlll and Spel double enzyme digest followed by T4 DNA ligation.
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STTM and mSTTM: The backbone used to express STTM and mSTTM was a plant
binary vector developed in our lab and successfully employed for blocking the function
of a tRNA-derived small RNA (Zhao et al, unpublished data). STTM10, mSTTM1 and
mSTTM10 sequences were ordered from Integrated DNA Technologies as four oligos
(Supplementary Table 111-S4), annealed and ligated into the backbone through Spel
and Pacl restriction sites for expression under an ACTIN2 promoter.

Agro-infiltration on Nicotiana benthamiana

Plasmids were transformed into Agrobacterium tumefaciens USDA by electroporation.
USDA cultures of original pGrDL_SPb plasmid (Addgene, Plasmid #83205), m5C
sensor reporter plasmid, dCas13-TET1 and control plasmids were incubated at 30°C
overnight in Luria-Bertani broth supplemented with 50 ug/mL Kanamycin, 50 ug/mL
Rifampicin, 25 uM acetosyringone and 20 mM MES. Cells were harvested and re-
suspended in infiltration buffer (1x MS salt, 10 mM MES, 200 uM acetosyringone, 2%
sucrose) to an OD of 1 (for reporter plasmid) or 0.8 (for all test plasmids). Each
assayed plasmid suspension was mixed with reporter suspension of the same volume.
As a result, the final OD of reporter was reduced to 0.5 after mixing with test plasmid,
therefore a control suspension of reporter plasmid of OD 0.5 (obtained by mixing with
equal volume of infiltration buffer) was included. All suspensions were left in dark for
2 hours before being infiltrated to abaxial side of N. benthamiana leaves with 1 mL
needle-less syringes.

Dual Luciferase assay

A disk of 3-day post infiltration N. benthamiana leave (5mm in diameter) was harvested
and snap frozen in liquid nitrogen. Dual Luciferase assay was performed with Dual-
Luciferase Reporter Assay System (Promega) as followed: Samples were lyzed with
a Tissue Lyser (QIAGEN) and dissolved in 500 uL of Passive Lysis Buffer (Promega),
followed by centrifugation at 14000rpm/1 min. 15 uL of supernatant was used as input
for Luminometer assay as per instructions by manufacturer on a GloMax Luminometer
(Promega). For qualitative figures of chemiluminescence induced by Firefly Luciferase
activities, infiltrated leaves were sprayed with 15 mg/mL D-Luciferin sodium salt
subtrate (Sigma) and subject to imaging with a Chemidoc CCD camera (Bio-rad)
immediately. Images were processed with ImageJ.
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Arabidopsis transformation and transgenic plant generation
dCas13-TET1, pEmpty, pGRNA or STTM constructs were introduced into A. thaliana
(Col-0 ecotype) via floral dipping (Clough & Bent 1998). Transformants were selected

on 15 ug/uL HygromycinB 2 MS medium (for dCas13 constructs) or on soil with
10ug/mL BASTA (Ammonium Glufosinate) treatment (for STTM constructs). Plants

were grown in long day conditions (16-hour light/8-hour darkness) at 21°C.

RT-gPCR

Total RNA was extracted from 4-week old shoot tissues of wild-type, trm4b-1 or
transgenic plants with Spectrum Plant Total RNA extraction kit (Sigma). cDNA was
synthesized with Superscript |ll Reverse transcriptase (Invitrogen) and used as input
for quantification with FastStart SYBR Green Master Mix (Roche) on a QuantStudio 7
Flex System (Applied Biosystems). Biological duplicates and technical triplicates were
assayed. TUBULIN 2 (TUB2) was used as internal control for normalization of
transcripts.

BS-amp-seq library construction

Leaf samples of 4-week old transgenic plants were collected for RNA extraction with
Spectrum Plant Total RNA extraction kit (Sigma). 1.5 ug total RNA was subject to BS
treatment as described previously (David et al. 2017). Briefly, total RNA samples were
incubated in Sodium metabisulfite and Hydroquinone for four hours, salts were
removed by Micro Bio-spin columns in TRIS (Bio-rad, Cat #7326221) and precipitated
with ethanol. BS-treated RNA was used as templates for cDNA synthesis with specific
primers for MAG5. The cDNA then underwent the first round of PCR with CS primers
and second PCR to add Barcode for lllumina Clustering. All primers for BS-amp-seq
library preparation were described previously (David et al. 2017). Each PCR round
was performed with four replicates for each amplicon. PCR products were purified with
AMpure XP beads (Beckman) as per manufacturer’s instructions. Sequencing was
performed on a Miseq platform with a Miseq Micro kit (2 x 150 nucleotide paired end).
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BS-amp-seq Data analysis

TrimGalore (https://github.com/FelixKrueger/TrimGalore) was used to remove

adapters from Miseq reads. FastQC and ngsReports (Ward, To & Pederson 2019)
were used for quality control of reads. Clean reads were then mapped to a reference
(TAIR10_cds_20101214_updated) with meRanT (MeRanTK (Rieder et al. 2015)) in
paired-end mode and m°C calling was subsequently performed for mapped reads with
meRanCall (MeRanTK). A threshold of 1% methylation rate and False discovery rate

of 0.01 were used for m°C calling.
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Results

Design and construction of dCas13-TET1

RNA m®C is current a baffling research field and a system for targeted manipulation
of this modification for its functional studies is much needed. To this end, | first
developed a dCas13-TET1 fusion for active removal of an m°C site. The system
contains two main components: dCas13-TET1 conjugates with either dLwaCas13a or
dPspCas13b, and guide RNA(s) driven by an AfU6 promoter. dLwaCas13a was
derived from study by Abudayyeh, Omar O. et al. (2017) in which the protein was
tethered to a monomeric superfolder GFP (msfGFP), enabling subcellular tracking of
MRNAs. dPspCas13b was first harnessed for targeted RNA A-to-I editing by Cox et
al. (2017) through its fusion with the RNA deaminase ADAR2, and was also
successfully used in several other targeted RNA manipulation applications
(Abudayyeh, O. O. et al. 2019). The two dCas13 orthologs are the first dCas13
adopted for such applications with high specificity and no reported toxicity as
compared to the newer dCas13d ortholog (Buchman et al. 2020; Zhang et al. 2020).
dLwaCas13a is about 100 amino acid larger than dPspCas13b, and the added
msfGFP domain makes this protein even bigger (approx. 300 amino acid larger than
dPspCas13b). However, msfGFP stabilized the dLwaCas13a, in a unclear mechanism
(Abudayyeh, Omar O. et al. 2017), and can be used for checking the expression of the
protein.

dCas13 presents an excellent RNA binding domain which guides TET1 to an m°C
target. In order to enhance the specificity of dCas13-TET1, only the catalytic domain
of hTET1 (Jin et al. 2014) was tethered to the C-terminus of dCas13 (Figure I1I-3A)
through a three-amino acid Glycine-Serine-Glycine (GSG) linker which provides
flexibility for the fusion protein (van Rosmalen, Krom & Merkx 2017). Due to reported
localization of the m°C methyltransferase TRM4B in nucleus in fission yeast
(Matsuyama et al. 2006) and its predicted main nuclear localization in A. thaliana
(Chou & Shen 2010; Hooper et al. 2017; Pierleoni et al. 2006), SV40 nuclear
localization signals (NLSs) were added to the design of dCas13-TET1 to promote the
demethylation efficiency. Similarly, a second fusion of dCas13b and catalytically
inactive mTET1 was generated as a control.
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The gRNAs comprising of both Cas13 intrinsic direct repeats (DRs) and spacers
matching RNA target sequences for the dCas13-(m)TET1 system were expressed
under the Pol Il AtU6 promoter. Hereby, “spacer” is used exclusively to refer to the

target-binding sequence on a gRNA of dCas13-(m)TET1.

Both components of dCas13-(m)TET1 were combined on a single vector through
several cloning steps (Figure 111-3B). | generated two sets of vectors which differ in
strategies utilized for integration of new spacers, either by Type Il restriction enzymes,
Miul & Bcll, or Type IS restriction enzyme Bsal. The latter allows convenient insertion
of new spacers by one step Golden gate cloning (Engler, Kandzia & Marillonnet 2008)
(Figure 111-3B).
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Figure IlI-3: Design and construction of dCas13-(m)TET1. A, Two components of
dCas13-(m)TET1 are gRNA (including both DR - charcoal diamond, and spacer- navy
rectangle) driven by AtU6 promoter, and dCas13-(m)TET1 fusion flanked by SV40
NLSs. GFP domain in dashed box is present in constructs with dLwaCas13a only. B,
Flow diagram of dCas13-(m)TET1 construction. New spacers can be cloned into the

Bsal sites (underlined) by Golden gate cloning. DR, Direct Repeat specific for Cas13.
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Characterization of dCas13-TET1 by transient expression in N. benthamiana

| utilized the msfGFP domain in dLwaCas13a-TET1 for visualization of the system’s
subcellular localization and confirmed its nuclear localization (Figure 111-4A). However,
due to the large size of the construct with dLwaCas13a, increasing data supporting
high efficiency of fusion proteins utilizing dPspCas13b as RNA binding domain
(Abudayyeh, O. O. et al. 2019; Anderson et al. 2019; Cox et al. 2017; Li, Jiexin et al.
2020; Wilson et al. 2020), and to reduce handling, | selected only the system with
dPspCas13b for further experiments.

To assess the efficacy of dCas13b-TET1, | first performed a transient expression
assay in N. benthamiana. The assay utilized a dual luciferase reporter plasmid
previously developed in our lab which contains an m°C sensor fragment
(Supplementary Information) derived from a transcriptome-wide mapping of m°C in A.
thaliana (Li and Wu et al., unpublished data). Adding of this m°C fragment to the 5’UTR
of Firefly Luciferase (FLuc) gene in the dual luciferase plasmid pDrDL_SPb (Plasmid
#83205, Addgene) significantly enhances the FLuc protein activity when transiently
expressed in N. benthamiana (Wu et al., unpublished data). | confirmed the
observation in an independent experiment (Figure 111-4C). Further analyses in our lab
demonstrated a correlation between the increased FLuc activity and m°C methylation
of the added sensor (Wu and Khanduja et al., unpublished data). Therefore, | adopted
this reporter plasmid, co-introduced it with the dCas13-TET1 system into N.
benthamiana (Figure 111-4B) and looked for alteration in FLuc activity as an indication
of m°C removal on the FLuc mRNA by dCas13b-TET1. Spacer targeting an m°C site
on the sensor (Targeting gRNA 1) was integrated both into dCas13-TET1 and the
catalytically inactive dCas13-mTET1 backbone. A second spacer binding toward the
end of the FLuc CDS was also introduced into dCas13b-TET1 (Targeting gRNA 2) to
test the effect of gRNA binding in a far distance (1.6 kb) (Figure 111-4C). A Scramble
gRNA and an empty vector (pEmpty) controls were included. Indeed, when the
dCas13b-TET1 with either of the two targeting gRNAs were co-infiltrated into N.
benthamiana with the m°C sensor plasmid, a reduction in FLuc activity compared to
the m°C sensor alone was detected (Figure 11I-4C,D). In contrast, all the control
plasmids with either inactive mTET1, the scrambled gRNA or empty vector did not
result in obvious FLuc activity reduction.
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Figure lll-4: Characterization of dCas13-TET1 in N. benthamiana. A, Nuclear
localization of dCas13a and dCas13a-TET1 (3™ and 4" from left) was confirmed by
transient expression in N. benthamiana and epifluorescence microscopy. msfGFP
included in the dLwaCas13a (Abudayyeh, Omar O. et al. 2017) was utilized for
visualization. A 35S::GFP transgenic plant (2" from left) was imaged for comparison.
Scale bar = 50 uM. B, Workflow of co-infiltration and Dual-Luciferase assay for
characterization of dCas13b-TET1 in N. benthamiana. Original dual luciferase reporter
plasmid pGrDL_SPb was modified with insertion of an m°C sensor fragment at 5UTR
of the Firefly Luciferase gene (m°C sensor). The “m°C sensor” reporter plasmid was
either co-infiltrated with each of test plasmids (listed in (C)), or infiltrated alone at OD
of 0.5 or 1 into abaxial side of N.benthamiana leaf. The different ODs accommodated
the actual OD of “m°C sensor” in each infiltration suspension (0.5) and the sum OD of
“m°C sensor” and test plasmid when co-infiltrated (0.9) (refer to Methods for more

details). 3-day post infiltration leaves were subject to Dual Luciferase assay with a
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Luminometer or chemiluminescence imaging with a Chemidoc camera. C, Upper:
Spacers design for targeting dCas13b-TET1 to m°C sensor conjugated to the Firefly
Luciferase reporter gene. Lower: Relative FLuc activity (FLuc/RLuc) determined in
Dual-Luciferase assay when the Luciferase reporter plasmid was introduced into N.
benthamiana alone (steel bar) or with test plasmids (open bars). Ori, pGrDL_SPb
original plasmid without m°C sensor. D, Qualitative detection of FLuc activity using
chemiluminescence imaging. Infiltrated leaves were sprayed with D-Luciferin sodium
salt substrate and imaged under a Chemidoc. Upper, schematic of infiltrated samples.
Centre, white-light images of infiltrated leave samples. Lower, chemiluminescence
signals of infiltrated leave samples. OD 1-OD 0.5, m°C sensor only at respective ODs.
“+”, co-infiltration with “m°C sensor”. pGRNA, plasmid contains gRNA1 but not
dCas13-TET1 cassette (Quantitative data for this sample is shown in Supplementary

Figure I1I-S2). Scramble gRNA sample was not included.

m°C at C3349 on MAIGO5 (MAG5) as a potential endogenous target for testing of

targeted m°C demethylation systems

To assess the activity of dCas13b-TET1 on endogenous targets, | first looked for a
relatively highly methylated site that would allow reliable evaluation of the system’s
efficacy. Previously, a transcriptome-wide bisulfite sequencing in A. thaliana has
revealed a 26-55% methylation at C3349 on MAG5 mRNA (David et al. 2017). The
methylation is tissue-specific and dependent on the Arabidopsis methyltransferase
TRM4B (David et al., 2017). To gain more insight of the target and to expand the
possible ways to use MAG5 C3349 for monitoring the efficacy of a targeted RNA m°C
demethylation system, | examined the effect of this m>C on MAG5 mRNA abundance,
as m°C has been reported to stabilize RNA transcripts (Cui et al. 2017; Warren et al.
2010). However, no effect of losing m°C on steady-state MAGS5 transcript abundance
was detected (Supplementary Figure 11-S1). While it is unclear what this methylation
at MAG5 C3349 does and no phenotypic defect associated with it has been reported
in planta, high methylation level at this site compared to all other mapped m®°C sites in
A. thaliana (David et al 2017) makes it an exceptional target that can be used to assay
the efficacy of a targeted RNA m°C demethylation system through direct monitoring of

m°C level.
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Efficacy of dCas13b-TET1 on MAG5 C3349 determined by Bisulfite-amplicon-

sequencing
| designed four spacers for dCas13b-TET1 to target C3349 on MAG5 mRNA. Three

spacers bind either zero, six or nine nt 5’ to C3349 and were named gRNAO, gRNAG

and gRNADJ9, respectively. The fourth spacer, gRNAO-m, was derived from gRNAO with
two single-nucleotide deletions (Figure 11I-5A), aimed to test the impact of mismatches
on dCas13-TET1’s activity. Complete constructs were transformed into A. thaliana.
Expression of dCas13b-TET1 mRNA in T2 transgenic plants was confirmed using RT-
gPCR (Supplementary Table III-S1).

To determine the m5C abundance at C3349 on MAG5 mRNA in MAGb5-targeting
dCas13b-TET1 T, transgenic plants, Bisulfite-amplicon-sequencing (BS-amp-seq)
and m°C-RIP-gPCR were planned. BS-amp-seq is derived from BS-RNA-seq and
takes advantage of targeted amplification conferred by PCR for enrichment of
sequences of interest prior to sequencing (David et al. 2017; Li, Jun et al. 2021). This
method is convenient and reliable in identifying highly methylated sites to single
nucleotide resolution. However, one limitation of BS-based methods is the inability to
discriminate m°C and hm®°C. Reason that hTET1 might further oxidize hm°C into 5-
formylcytosine (f5C) or 5-carbonylcytosine (ca5C) (DeNizio et al. 2019; Fu et al. 2014)
which can be distinguished from m°C and hm°C by BS-amp-seq, | first examined the
occurrence of m®C/hm°C versus f5C/ca5C/C at C3349 on MAG5 mRNA in dCas13b-
TET1 gRNAO and gRNAO-m T2 transgenic plants with BS-amp-seq (Figure IlI-5B).
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Figure llI-5: Impact of stably expressed dCas13b-TET1 targeting MAG5 C3349.
A, Upper, MAGS5 genomic structure. Black boxes and thin lines represent exons and
introns, respectively. Lower, Spacer design to guide dCas13b-TET1 to C3349 on
MAG5 mRNA. Spacers are numbered relative to the methylated cytosine base.
gRNAO-m contains two single-nucleotide deletions at position 1 and 3 compared to
gRNAO. B, Combined m°C and hm®°C level at MAG5 C3349 in dCas13b-TET1 gRNAO
and gRNAO-m T2 transgenic plants detected with BS-amp-seq. Plants of two
independent transgenic lines, #1.1 and #2.1, for each construct were analyzed. Each
T2 line shown had one plant replicate however was prepared with four PCR replicates
in BS-amp-seq library preparation (refer to Methods for more details). “% m®°C and
hm5C at C3349” was determined as percentage of non-converted cytosine in total
coverage at the position 3349 on MAGS. C, Steady state MAGS5 mRNA abundance
measured by RT-qgPCR. Technical triplicates were performed. ACT2 was used for
normalization. Error bars represent standard deviation of the mean. **, p value < 0.01
by Welch’s t-test.
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Surprisingly, using BS-amp-seq, | did not detect reduction but slight to mild increase
in m*C/hm>C level at MAG5 C3349 in T, transgenic plants stably expressing dCas13b-
TET1. Furthermore, transcript abundance of MAG5 mRNA in three out of four
transgenic lines tested appeared higher than that of wild-type (Figure III-5C). The
results suggest that m°C-to-hm®°C conversion might have occurred and altered mRNA
abundance. | sought to confirm the BS-amp-seq results with m*C-RIP-qPCR, however

could not finish the assay due to the time constraints.

Mutated STTM may cause degradation of non-m°C modified mMRNA

Along with dCas13-TET1, two RNA designs adapted from the RNA-based technique
STTM for binding and sequestering mRNA from being methylated was also examined.
STTM10 was designed to cover a 50-nt region surrounding C3349 on MAG5 mRNA,
with the imperfect stem-loop being ten nt 5’ of C3349 (Figure IlI-6A). A second design

with no bulges in binding arms was named mutated STTM, or mSTTM. The structure
of mSTTM is deemed to be stable thanks to the stem-loop, and bind to mRNA more
efficiently than STTM does. Two mSTTM constructs with stem-loop being one or ten
nt 5" of C3349 named mSTTM1 and mSTTM10, respectively, were generated (Figure
l1I-6A, Supplementary Figure 111-S3). Constructs were transformed into A. thaliana.
Three independent lines of STTM10 and one line of each of MSTTM1 and mSTTM10
T4 plants surviving BASTA herbicide selection were subject to BS-amp-seq to examine
the change in m°C at MAG5 C3349. However, one line of STTM10 and the mSTTM1
line gave 100% sensitivity to the herbicide in the next generation, another line of
STTM10 grew poorly and barely set seeds. Due to the time constraints and presence
of plasmid in these plants has not been confirmed, BS-amp-seq results obtained for
these three lines were excluded from the main data (Figure 111-6B) although within
each kind of design (STTM or mSTTM) they showed similar m°C levels
(Supplementary Figure 11I-S3). For the lines that still showed BASTA-resistance in Tz
generation, STTM10 exhibited a similar level of m°C abundance at MAG5 C3349
compared to wild-type (Figure IlI-6B). Interestingly, m°C level at MAG5 C3349 in
mSTTM10 increased. | speculate that mSTTM10 might have triggered degradation of
non-modified mRNA, causing the overall m°C level to rise. Another hypothesis is that
binding of mSTTM10 somehow facilitated methyltransferases and enhanced m°C
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deposition to the site. Unfortunately, confirmation and follow-up experiments could not
be undertaken due to time constraints.
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Figure lll-6: Testing STTM for targeted prevention of RNA methylation. A, Design
of STTM and mutated STTM (mSTTM) constructs for preventing methylation at MAG5
C3349. STTM10 and mSTTM10 differ by the internal bulges in each binding arm (black
arrow heads). Arrows indicate binding site of STTM10 and mSTTM10 to MAG5 mRNA.
B, Combined m°C and hm®C level at MAG5 C3349 in STTM10 and mSTTM10 T4
transgenic plants detected with BS-amp-seq. Each T+ line shown had one plant
replicate however was prepared with four PCR replicates in BS-amp-seq library
preparation. The STTM10 line did not show reduction in m°C level at C3349 on MAG5
while slight increase in m°C level at this site was observed in the mSTTM10 line. A
total of five transgenic lines were assayed, however three lines exhibited 100%
sensitivity to herbicide selection in T2 generation and BS-amp-seq results for these

lines are instead shown in Supplementary Figure I1I-S3.
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Discussion

The lack of a system for specific manipulation, especially removal of RNA m°C is a big
hamper in functional studies of the modification. Here, | offer insights into the potential
application of two synthetic systems for targeted alteration of RNA m°C, dCas13-TET1
and STTM.

dCas13-TET1
dCas13-TET1 showed promising activity when transiently expressed in N.

benthamiana to invert the effect of an m°C sensor. The high-variation nature of the
Dual Luciferase assay prevented more detailed evaluation of the binding effect of
dCas13 fusion through dCas13b-mTET1, or the off-target effect of dCas13b-TET1
through the construct with Scramble gRNA. Repeated and follow-up experiments with
increased numbers of replicates will be required for more thorough assessment of the
effect. In transgenic A. thaliana, dCas13b-TET1 altered overall m®C/hm°C level and
the transcript abundance of MAG5 mRNA. | speculate that a portion of m°C had been
converted into hm®C which altered transcript’s turn-over, and that the cell might have
tried to compensate the m°C loss into hm°C with new m°C deposition. However, an
assay to tease apart m°C and hm®°C such as m°C -RIP-seq or direct RNA sequencing

will be required to validate this hypothesis.

It is possible that the current design of dCas13-TET1 is not yet optimal. dCas13b-
TET1 is designed to localize to the nucleus, which in theory will offer better
demethylation efficiency and also ensure that an effect conferred by methylation inside
the nucleus, for example on splicing, will not be overlooked. Nevertheless, | appreciate
that a cytoplasm-localized system will also need to be examined for valid comparison.

The study presented here also provides more information on the behaviour of dCas13-
based systems. gRNA of LwaCas13a was shown to be capable of inducing target
degradation in mosquito cell which is independent to the activity of LwaCas13a wild-
type enzyme (Tng et al. 2020). Here in plants, | showed that gRNAs of dPspCas13b
alone did not lead to reduction in relative FLuc activity when transiently expressed in
N. benthamiana (Supplementary Figure 11I-S2A) or reduce MAG5 mRNA abundance
when stably expressed in A. thaliana (Supplementary Figure 111-S2B,C). It should be
noted that in other animals, such gRNA-dependent target degradation effect has not
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been reported. The effect observed in mosquito but not in plants or other animals could
be due to different model organisms used, or of gRNA design. With respect to the
latter possibility, Wang, Q et al. (2019) demonstrated the different effects of gRNAs
sharing at least 20 nucleotides (out of 28 nucleotides) on inducing tumor cell death via
Cas13’s promiscuous RNA degradation activity (Abudayyeh, Omar O. et al. 2016; Cox
et al. 2017; Konermann et al. 2018), suggesting that Cas13 gRNAs with subtle
changes in design can behave or response differently to cellular factors.

STTM

It is known that expression of transgenes in A. thaliana can decrease as generations
proceed (Ondrej et al 1999) and can vary amongst plants of the same generation due
to a number of mechanisms such as somatic crossing over, RNA and epigenetic
silencing or transgene rearrangement (Kohli et al. 2006). This might explain the loss
of BASTA-resistance in several of STTM lines in this study. Nevertheless, it is notable
that mSTTM10 caused m°C level to increase. While it is not clear how mSTTM10 but
not STTM10 caused the effect, MAG5 mRNA secondary structure likely plays an
important role. As the first hypothesis, mSTTM10 might have enhanced the affinity
and activity of m°C methyltransferases to MAG5 by stabilizing its innate m°C-
favourable secondary structure. Alternatively, binding of mSTTM10 might have
triggered degradation of unmodified transcripts (but not modified ones), leading to the
increased overall m°C level. This latter hypothesis in turn may imply that m®>C-modified
and non-modified MAGS transcripts have different secondary structures, with the
unmodified transcripts being more susceptible to mSTTM-triggered degradation. In
favour of this hypothesis, the structure of mSTTM with no bulges but the central stem-
loop resembles a single binding arm of STTM that is sufficient to trigger degradation
of small RNA in plants (Yan et al. 2012). Therefore, while the current design of either
STTM10 or mSTTM10 led to interference with m°C methyltransferase as planned, the
result obtained from mSTTM10 gave information about a possible mechanism that
m°C methylation on MAG5 mRNA might use for its effect.
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Supplementary data

Supplementary Tables:

Supplementary Table 1lI-S1: Expression of dCas13b-TET1 mRNA in dCas13b-
TET1 MAGS targeted transgenic plants using RT-qPCR. Primers binding to
dCas13b (Supplementary Table I1I-S2) were used to detect dCas13b-TET1 mRNA. C;

values for three technical replicates of each sample are shown.

Sample Ct value
WT-1 Undetermined
WT-2 Undetermined
WT-3 Undetermined
gRNAO-1 24.027
gRNAO-2 24.002
gRNAO-3 24.256
gRNAO-m-1 22.693
gRNAOQO-m-2 22.737
gRNAO-m-3 22.915

Supplementary Table llI-S2: Primers used for RT-qPCR in this chapter.

Cas13b_qgF CCCTTCATGATGGCGTAC
Cas13b_qgR CCGACAAAGGCGTGGTG
MAG5_qF GGTGAAATCAACTCGGAAGGTG
MAG5_qgR GTTGGAGGAGGAGGTAGTGCAG
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Supplementary Table IlI-S3: Spacer/gRNA sequences used in this study. Red

letters denote overhangs for ligation into respective backbone (via 2x Bsal or Miul/Bcll

sites)
Transient expression assay in N. benthamiana
Scramble-F CAAC GCTAGCTAGCGGCATCATTGACCATACT G
Scramble-R ACAAC AGTATGGTCAATGATGCCGCTAGCTAGC

Targeting gRNA 2-F

CAAC CCGGTAAGACCTTTCGGTACTTCGTCCA G

Targeting gRNA 2-R

ACAAC TGGACGAAGTACCGAAAGGTCTTACCGG

Targeting gRNA 1-F

CAAC TTTATGATTTTGTGTCTGAAAAATGTTT G

Targeting gRNA 1-R

ACAAC AAACATTTTTCAGACACAAAATCATAAA

A. thaliana transgenic plant

MAGS5A gRNA 0 _F

ACGCGTGGGGATTTAGACTACCCCAAAAACGAAGG
GGACTAAAACGGGGTTCCACACCTCTTTCCACCCATCTTTTTTT

MAGS5A gRNA 0 R

TGATCAAAAAAAAGATGGGTGGAAAGAGGTGTGGA
ACCCCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCC

Supplementary Tabl

e llI-S4: Sequences of STTM and mSTTM. Red letters denote

bulges in binding arms, lowercase letters denote stem-loop. Each design was ordered

as two fragments (f1 and f2) and anneal together before being cloned into the

backbone.
STTM10-f1-F CTCCTCAGCTGG CTA GGGTTCCACA gttgttgttgttatggtctaatttaaat
STTM10-f1-R aattagaccataacaacaacaacTGTGGAACCCTAGCCAGCTGAGGAGAGCT
STTM10-f2-F atggtctaaagaagaagaat CCTCTTTCCAC CTA CCATCTCTTT A
STTM-10-f2-R CTAGTAAAGAGATGGTAGGTGGAAAGAGGattcttcttctttagaccatattta

mSTTM-10-f1-F

C TCCTCAGCTGGGGGTTCCACA gttgttgttgttatggtctaatttaaat

mSTTM-10-f1-R

aattagaccataacaacaacaacTGTGGAACCCCCAGCTGAGGAGAGCT

mSTTM-10-f2-F

atggtctaaagaagaagaat CCTCTTTCCACCCATCTCTTT A

mSTTM-10-f2-R

CTAGTAAAGAGATGGGTGGAAAGAGGattcttcttctttagaccatattta

mSTTM-1-f1-F C AGTGCAGCTTCCTCAGCTGGG gttgttgttgttatggtctaatttaaat
mSTTM-1-f1-R aattagaccataacaacaacaacCCCAGCTGAGGAAGCTGCACTGAGCT
mSTTM-1-f2-F atggtctaaagaagaagaat GGTTCCACACCTCTTTCCACCA
mSTTM-1-f2-R CTAGTGGTGGAAAGAGGTGTGGAACCattcttcttctttagaccatattta
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Supplementary Figures:
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Supplementary Figure llI-S1: MAG5 mRNA abundance in wild-type A. thaliana
and trm4b-1 determined by RT-qPCR. Technical triplicates were performed. Error

bars represent standard deviation of mean. ACT2 was an internal control.
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Supplementary Figure llI-S2: PspCas13b gRNA alone did not induce target
degradation when transiently expressed in N. benthamiana (A) or stably expressed
in A. thaliana (B-C). A, Upper, pGRNA plasmid containing only gRNA but not dCas13-
TET1 was co-infiltrated with the “m°C sensor” reporter into N. benthamiana leaves.
Centre, Spacer design for the pGRNA plasmid to target FLuc mRNA. Lower, Relative
FLuc activity determined by Dual Luciferase assay for 3-day post infiltration leaves. B,
Positioning of spacers for pGRNA to target MAG5 mRNA in A. thaliana. C, MAGS
mMRNA abundance in plants expressing the pGRNA transgenes in (B), measured by
RT-gPCR. Biological duplicates and technical triplicates were performed. ACT2 was
an internal control. Error bars represent standard deviation of mean. NT: non-targeting
gRNA.
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Supplementary Figure 1lI-S3: Testing STTM for targeted prevention of RNA
methylation (Additional data for Figure IlI-6). A, Design of STTM and mutated STTM
(mSTTM) constructs for preventing methylation at MAGS C3349. STTM and mSTTM
differ by the internal bulges in each binding arm (black arrow heads). Arrows indicate
binding site of STTM and mSTTM to MAG5 mRNA. B, Combined m°C and hm°C level
at MAG5 C3349 in STTM10, mSTTM1 and mSTTM10 T+ transgenic plants detected
with BS-amp-seq. Note that line #3 of STTM10 and the mSTTM1 line showed 100%
sensitivity to BASTA selection in T2 generation and expression of respective STTM or
mSTTM in these plants have not been confirmed. Line #2 of STTM10 barely set seeds.
Line #1 of STTM10 and mSTTM10 shown in Figure IlI-6 are also placed here for

comparison.
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Supplementary Information: Sequence of m5C sensor fragment used in
transient expression assay (Figure 1llI-4) (Li and Wu et al., unpublished data).
UPPERCASE letters denote m°C sites mapped in A. thaliana

acattcttgatagatacaaaaaaCatttttCagaCaCaaaatCataaaatCtttgcctttagtagatCaaagttcttta
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Abstract

The importance of plant roots to plant growth and the soil ecosystem has made root
development a major focus in plant research. Studies over many decades have gained
valuable insights into the molecular network controlling root development but a
detailed understanding of all factors influencing root growth remains to be elucidated.
The RNA modification 5-methylcytosine (m°C) has emerged as an additional mediator
of root development but the causal m°C-bearing transcripts and underlying
mechanism are poorly understood. In this chapter, | combined different approaches
to understand the mechanism of m°C regulation on A. thaliana primary root
development. Phenotypical and molecular analyses ruled out a major role for
previously described SHORT HYPOCOTYL 2 (SHY2/IAA3) and IAA16 in root growth
regulation by RNA m°C. Mapping of m°C on these two transcripts further suggested a
sparse or spatially and temporally confined methylation. Functional analysis of the only
identified m°C site on SHY2/IAA3 mRNA did not support its importance in planta
despite its potential evolutionary conservation found a bioinformatic analysis.
Collectively, results in this study contribute to a more comprehensive picture of m°C
regulation in root growth, suggesting a higher complexity of this modification’s mode
of action that might have not been fully appreciated.

Introduction

Intense research on plant models such as A. thaliana over several decades has shed
lights on a number of key regulators and underlying mechanisms of root development
(Augstein & Carlsbecker 2018; Koevoets et al. 2016; Petricka, Winter & Benfey
2012). Phytohormones such as auxin (Went 1929; Thimann and Went 1934)
are among the most important and influential factors, controlling virtually all aspects of
root growth. An extensive body of research has developed, highlighting the central
role of this hormone in orchestrating diverse pathways to give rise to the root
architecture (Leyser 2018; Overvoorde, Fukaki & Beeckman 2010). Auxin exerts its
regulatory effects largely via the auxin signaling pathway which deals with
transcriptional regulation of genesin accordance with the hormone levels. In
brief, presence of auxin triggers degradation of Auxin/Indole-3-Acetic Acid
(Aux/IAA) proteins through their interaction with TRANSPORT INHIBITOR
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RESPONSE1 (TIR1)and subsequent ubiquitination. In turn, reduced levels of
Aux/IAA proteins allow dimerization of AUXIN RESPONSE FACTORs (ARFs) which
serve as transcriptional activators for downstream genes directly determining cellular

phenotype (Figure IV-1).

- Auxin + Auxin
TIR1 TIR1
Auvin
Aux/IAAs

K:egradation

Aux/IAAs l Aux/IAAs—|
ARFs ARFs ARFs ARFs
Transcription l Transcription
inactivation activation
Auxin-regulated genes Auxin-regulated genes

Figure IV-1: Auxin signaling pathway. In the absence of auxin, Aux/IAAs dimerize
with one another or with transcription factors ARFs, preventing transcription of
downstream genes. In contrast, presence of auxin triggers binding of TIR1 to Aux/IAAs
and Aux/IAAs’ degradation through ubiquitination. ARFs are allowed to self-dimerize

and activate transcription of downstream genes.

In A. thaliana, Aux/IAA and ARFs are encoded by 29 and 23 genes respectively. IAAs
and ARFs can have redundant functions and their interaction is critical for root
growth (Fukaki, Hidehiro, Taniguchi & Tasaka 2006; Lavenus et al. 2013; Qin, He &
Huang 2019). Many IAAs were shown to take part in the development of both primary
and lateral root, as well as root hair formation and gravitropism. For example, gain-of-
function mutants of a number of Aux/IAA proteins including IAA1/AXRS5, IAA3/SHY2,
IAA12/BDL, IAA14/SLR, IAA18/CRANE, IAA19/MSG2, IAA16 and IAA28 have altered

lateral root growth and/or primary root length (Fukaki, H. et al. 2002; Ploense et al.
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2009; Rogg, Lasswell & Bartel 2001; Tatematsu et al. 2004; Tian & Reed 1999; Uehara
et al. 2008; Yang et al. 2004(Rinaldi et al. 2012)). These gain-of-function mutations
often confer the proteins resistance to auxin, which in turn leads to changes in protein,
and even transcript level (Tian, Qing, Uhlir & Reed 2002). Temporal and
spatial differential expression of IAAs and ARFs also contribute to establishing the
complex root architecture (Overvoorde, Fukaki & Beeckman 2010). Differential
expression of |IAAs and ARFs is under the control of multiple regulatory layers, with

RNA modifications emerging as an important factor that has been largely overlooked.

To date, two RNA modifications N6-methyladenosine (m®A) and 5-methylcytosine
(m5C) have been linked to root development. While m®A exhibits a vast involvement
in the development of many organs (Arribas-Hernandez, Laura et al. 2020; Ruzicka et
al. 2017), m°C thus far appears to show more confined effect on root development.
Shorter primary root phenotype was observed in all four reported mutant alleles of the
m°C writer TRM4B (Cui et al. 2017; David et al. 2017). David et al (2017)
demonstrated a role for m°C in root apical meristem cell proliferation through analyzing
trm4b-1 mutant allele. However, their transcriptome-wide Bisulfite-sequencing (BS-
RNA-seq) approach failed to detect methylation of specific genes that may have been
a direct cause of the root phenotype. In contrast, Cui et al. (2017) utilized an m°C-
RNA immunoprecipitation (m°C-RIP) approach and found correlations between m°C
loss ontwo root growth-related transcripts SHYZ2/IAA3 and IAA16, and the
reduced abundance of these transcripts in trm4b-4 mutant, suggesting a role for them
in root growth regulation by m°C. However, the m°C-RIP followed by sequencing used
in the study could not provide detailed profiling of m°C site(s) on the transcripts but
putative m°C regions of several hundred bases enriched
by immunoprecipitation, hindering confirmation of the modification’s functions and

further elucidation on its mechanism.

In the present study, | investigate further the molecular mechanisms underlying the
connection between m°C and root development, with a focus on the functional
relevance of modification(s) on SHYZ2/IAA3 and IAA16 mRNAs attributed to
the shorter primary root phenotype of m°C-deficient mutants. Root growth assays and
transcript quantification using RT-qPCR on four reported frm4b mutant alleles and a
SHY?2 loss-of-function mutant did not support the key role for SHY2/IAA3 and IAA16
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in m°C regulation of root growth. Furthermore, massively parallel targeted bisulfite
sequencing known as Bisulfite amplicon sequencing (BS-amp-seq) detected m°C on
SHYZ2/IAA3 and IAA16 at low level and with high variation, suggesting a confined
spatial and temporal deposition of the methylation. Although a novel identified
methylated site appears conserved in a bioinformatic analysis, a functional study that
utilized CRISPR-dCas13-hTET1 (Chapter 1ll) did not support the importance of the
site in planta. Collectively, the study offers deeper understanding of the methylation

profile and functional relevance of m°C in A. thaliana’s root development.
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Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana (Col-0) plants were grown on 2 MS, 1% sucrose medium in long
day conditions (16-hour light/8-hour darkness) at 21°C. Characterization of the
mutants trm4b-1 (SAIL_318 _GO04), and trm4b-2 (SAIL_667_D03) were described
previously (Burgess, David & Searle 2015). trm4b-3 and trm4b-4 were obtained from
the Arabidopsis Biological Resource Centre. The mutant shy2-24 in Col-0 background

was a gift from Prof. Wolfgang Droge-Laser, University of Wurzburg.

Root assay
Seeds were gas-sterilized (Chlorine) for seven hours and placed on square petri plates

(9cmx9cmx2cm) with sterile toothpicks, followed by cold stratification for three days at
4°C. Plates were then moved to a growth chamber and oriented vertically. At least
three replicate plates were done for each mutant allele or transgenic line. To rule out
the effect of position variation and light-to-light variation, replicates of each line were
placed under different lights. Each replicate set includes wild-type and mutant and/or
transgenic plants and was put under the same light. Root length was marked after
every 24 hours over the course of nine days. At day 9, root images were obtained with
an Epson Perfection V700 Photo scanner (Epson) and further processed with ImageJ

to determine growth rate over each day.

RT-gPCR

Total RNA was extracted from 9-day old root tissues of wild-type or frm4b mutant
alleles with Sigma Spectrum Plant Total RNA extraction kit. cDNA was synthesized
with Superscript Ill Reverse transcriptase (Invitrogen) and used as input for
quantification with FastStart SYBR Green Master Mix (Roche) on a Quantstudio 7 Flex
System. Biological duplicates and technical triplicates were assayed. TUBULIN 2
(TUB2) was used as internal control for normalization of SHY2/IAA3, IAA16 and
ACTIN2 mRNAs.
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BS-amp-seq:

1.5 ug total RNA of root and/or shoot tissues of 9-day old wild-type, trm4b-1 or trm4b-
2 were subject to Bisulfite treatment as described previously (David et al. 2017).
Briefly, total RNA samples were incubated in Sodium metabisulfite and Hydroquinone
for four hours at 65C. Salts from the reaction were then removed by Microspin columns
in Tris (Bio-rad) and RNAs were precipitated with ethanol. BS-treated RNA samples
were used as templates for cDNA synthesis with a mixture of primers, each being
specific for an amplicon of interest (Supplementary Table IV-S5). Hereon, two
approaches were adopted for preparing the BS-amp-seq libraries:

Method A: cDNAs were subject to the first round of PCR for amplification of target
fragments. A single PCR reaction was carried out for each amplicon from each
biological sample. These PCR products were purified with AMpure XP beads
(Beckman Coulter), checked for sizes on a polyacrylamide gel and used as templates
for a second PCR with primers containing barcodes for lllumina Sequencing. Products
from this second PCR were purified with AMpure XP beads and pooled together for
sequencing on a Miseq platform with Miseq Reagent Micro kits (1 x 300 nucleotide

single-end).

Method B: Key steps are similar to those of Method A, however, to enhance
detectability of low methylated sites, triplicates were performed for the first round of
PCR for each amplicon from each biological sample. Products of the triplicates were
pooled together and purified with AMpure XP beads. Purified products were then used
as templates for the second PCR round. Sequencing was performed on a Miseq with

Miseq Reagent Micro kits (2 x 150 nucleotide paired-end)
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BS-amp-seq Data analysis

TrimGalore were used to remove adapters from Miseq reads. FastQC and ngsReports
(Ward, To & Pederson 2019) were used for quality control of reads and 3’ end
nucleotides were further removed (TrimGalore) to avoid m°C calling bias in
downstream analysis. Trimmed reads were then mapped to a reference
(TAIR10_cds_20101214_updated) with meRanT (MeRanTK) in single-end (Library [)
or paired-end mode (Library Il), and m°C calling was subsequently performed for
mapped reads with meRanCall (MeRanTK). A threshold of 1% methylation rate and

False Discovery Rate of 0.01 were used for m°C calling.

Conservation analysis of a m°C site C348

All A. thaliana 1AA proteins or IAA3 proteins of all available plant species on NCBI
protein database were aligned with Clustal Omega for amino acid conservation
analysis. Protein sequence logo (Supplementary Figure IV-S2) was generated with
WebLogo (https://weblogo.berkeley.edu/logo.cqi, access: 4/8/2021). To assess the

conservation of the nucleotide of interest (C348), two additional cytosines with similar
contexts ((i) the amino acids they encode are strictly conserved, (ii) they are the third
nucleotides of the codons encoding for those amino acids, and (iii) those amino acids
can be encoded only by two codons differing by the third nucleotides (C or T)) were
analyzed to exclude the effect of species-specific codon bias. Species collections of
each of IAA proteins were extracted from NCBI which includes one to three
representatives (Accession numbers) of each species whose mRNA sequences for
that IAA are available. mMRNAs in each species collection were aligned and the
percentage of C usage at each of the three sites of interest (C348 and two control
sites) was calculated as the number of species using C at that site over the total
number of species in that collection. To avoid lineage bias, no more than three species
of the same genus was included in each collection. The species collection for each
IAA is listed in Appendix. The use of the same collections of species for each protein

allows relatively unbiased comparison of base-preferences at the three analyzed sites.
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dCas13-TET1 plasmid construction and transgenic plant generation

gRNA spacers were ordered as synthetic oligos of 34-nt from Integrated DNA
Technologies (Supplementary Table I1V-S6) and ligated into Bsalx2 site in the dCas13-
TET1 backbones (Chapter Ill) by Golden Gate Cloning (Engler, Kandzia & Marillonnet
2008). Successful insertion was monitored with PCR and Sanger sequencing with
primers detailed in Supplementary Table IV-S5. Constructs were transformed into
Agrobacterium USDA cells by electroporation for subsequent plant transformation by
floral dipping (Clough & Bent 1998). Transformants were selected on 15 ug/mL
Hygromycin B selection medium. 3:1 segregation ratio was used to determine single-
insertion event. Heterozygous plants with single insert were carried to the next

generation to identify a homozygous line.
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Results

SHY2/IAA3 and IAA16 are not key factors in m°C requlation of root development

The importance of m°C in root development was linked to the regulation of SHY2/IAA3
and /AA16 transcript abundance (Cui et al. 2017). In order to validate the correlation
between these transcripts and the short primary root phenotype in m°C deficient trm4b
mutant lines, two experiments were conducted. First, | examined the root phenotype
of shy2-24, a loss of function mutant with a premature stop codon and significantly
reduced level of SHY2/IAA3 transcript (Tian, Qing, Uhlir & Reed 2002). Previously, it
was shown in Landberg ecotype (Ler) that shy2-24 exhibited significantly poorer root
growth compared to wild-type (Tian, Q. & Reed 1999). However, in Columbia
background (Col-0), Weiste et al. (2017) demonstrated slightly increased root length
of shy2-24 compared to wild-type at 7-day after germination. Indeed, | observed a
consistently better growth rate of shy2-24 Col-0 than the wild-type Col-0 over the
course of nine days, which contrasts with the defective root growth of all of the four
trm4b mutant alleles when compared to wild-type (Figure IV-2A). trm4b-1 exhibited
the most pronounced phenotype among the four mutant alleles assayed.

Second, root tissues of wild-type, shy2-24 Col-0 (hereby referred to as shy2-24, unless
otherwise indicated) and all four trm4b mutant alleles were subject to an RT-gPCR for
monitoring of SHY2/IAA3 and IAA16 transcript abundance. shy2-24 showed a
reduction of around 50% in SHY2/IAA3 mRNA and unchanged /AA76 mRNA level
compared to wild-type (Figure IV-2B), which is consistent with previously reported data
obtained by a gene chip hybridization assay for shy2-24 Ler (Tian, Qing, Uhlir & Reed
2002). Interestingly, all four trm4b mutant alleles had unchanged or even slightly
increased level of SHY2/IAA3 and IAA16 (Figure IV-2B). The observation was
confirmed with a second independent experiment done for the frm4b-1 mutant
(Supplementary Figure IV-S1). Collectively, these data did not support the key link
between downregulated SHY2/IAA3 and IAA16 transcript abundance and aberrant
root development in {rm4b mutants as previously described, however does not exclude
the involvement of these two transcripts.
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Figure IV-2: Assessing the role of SHY2/IAA3 and IAA16 in m5C regulation of
root development. A, Root growth rate of shy2-24 loss-of-function mutant and trm4b
mutant alleles compared to wild-type. Seeds of each mutant line or wild-type in Col-0
background were plated on %2 MS medium and grown vertically. Three plate replicates
with nine plants per plate were done for each line. Root length was marked after each
24 hours. Red lines indicate mean of sample. Error bars indicate standard deviation
of mean. B, SHY2/IAA3 and IAA16 mRNA level in 9-day old wild-type, shy2-24 and
trm4b mutants measured by RT-gPCR. Biological duplicates and technical triplicates
were performed. TUB2 was used as internal control. Error bars represent standard
deviation of mean. Welch'’s t-test, ****: p value <0.0001, **: p value <0.01, *: p value
<0.05.
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Dynamics of RNA m°C methylation on SHY2/IAA3 and IAA16 in root tissue

| next sought to verify the methylation status of SHY2/IAA3 and IAA16 mRNAs, as well
as aimed to detail the methylated sites, to develop a foundation for their functional
analysis. David et al. (2017) did not detect m°C on SHY2/IAA3 and IAA16 in whole-
transcriptome BS-RNA-seq while Cui et al. (2017) reported m°C peaks of 200-300 nt
on these transcripts by m°C-RIP-seq. | reasoned that transcriptome-wide RNA-BS-

seq might not be sensitive enough to detect lowly methylated sites, so | adopted BS-
amp-seq for the putative m°C peaks on SHY2/IAA3 and IAA16 identified by the m°C-
RIP-seq. BS-amp-seq takes advantage of PCR to enrich a targeted small fragment
(amplicon) of interest before sequencing (David et al. 2017), thus enhancing detection
of methylated sites. Two independent libraries were prepared: The first library (library
I) was focused on differentiating m°C regulating root development by comparing four
wild-type root and four shoot tissue samples, along with three trm4b root tissue
samples. The library | was prepared with a standard BS-amp-seq protocol (Method A)
with single PCR reactions for each amplicon in each round. Second library (library II)
instead focused on detecting m°C methylation in wild-type when compared to trm4b,
with five replicates prepared for root tissues of each of the two groups. In order to
enhance the detectability of lowly methylated sites, in this library Il, each amplicon was

prepared with triplicates in the first PCR round (Method B).

Reliability of the BS-amp-seq method was confirmed through consistent detection of
m°C methylation at site C3349 on MAIGO 5 (David et al. 2017) in all wild-type (30.4-
35.1%) and trm4b-1 samples (1.4-2.5%) in library |l (Supplementary Table IV-S4). In
both libraries, methylated sites were not detected on IAA16 with high confidence (less
than 1% methylation with coverage >5000 in library I, or with less than 2% methylation
with coverage of 50-500 in library Il). Methylation was also not detected on SHY2/IAA3
in all samples of library Il, despite sequence coverage of 2000-30,000 fold per
amplicon. Notably, in two out of four wild-type root replicates in library I, | found C348
on SHY2/IAA3 was methylated in 2.7-3.4% of reads (sequence coverage 3187 and
2334, Figure IV-3A, Supplementary Table IV-S1) while no replicates of wild-type shoot
or trm4b root samples showed m°C methylation at this site. Of note, C348 is the
summit of the putative m°C peak detected by m°C-RIP-seq (Figure 1V-3B). Together,

117



the results suggest that C348 is the methylated site involving root growth but its

methylation may be meticulously regulated.
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Figure IV-3: Detection of m5C sites on SHY2/IAA3 mRNA using BS-amp-seq
(library I). 9-day old wild-type root tissue (WT-R, group a), wild-type shoot tissue (WT-
S, group b) and trm4b root tissue (trm4b-R, group c) were subject to a BS-amp-seq.
m®°C calling was performed using meRanTK package (Rieder et al. 2015) with a calling
threshold of 1% and statistical cutoff of FDR <0.01. Three high-confidence m°C sites
identified by meRanTK (C348, C443 and C501) were checked for non-converted
cytosine (considered as m°C) count and coverage with Integrative Genomics Viewer
to determine m5C level (% m5C reads) at the sites in all biological samples (Note that

meRanTK does not call out the site with methylation below calling threshold).

Conservation of C348 on IAA3 mRNAs

| invested further the potential role of the novel detected m°C site C348 on SHY2/IAA3,
firstly with a bioinformatic approach. C348 is the third nucleotide of a TAC codon that
encodes for tyrosine Y116 on A. thaliana SHY2/IAA3 (AtSHY2/IAA3) (Figure IV-4A).
In order to assess the conservation of C348 on SHY2/IAA3, | sought to compare the
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usage of cytosine at this site with two other sites of similar context. The analysis takes
advantage of two points: (i) Tyrosine, along with phenylalanine (F) are encoded by
only two codons differing by C or T as the third nucleotide (Figure IV-4C); and (ii) Y116,
Y149 and F167 of AtSHY2/IAA3 are strictly conserved amino acids in IAA3 proteins
across a number of Pinus, monocots and dicots (Supplementary Figure 1V-S2), as well
as amongst IAA proteins (Figure IV-4B). It could be expected that if the third nucleotide
(C or T) of the codons is not important, the probability to find either of them in any IAA
proteins in a random collection of species throughout evolution would be roughly 0.5
(50%), or abide overall codon usage preferences in those species. However, this is
not the case for the codon encoding Y116 in AtSHY2/IAA3. When analyzing
collections (12-81 species each) of Monocot and Dicot species for C usage in codons
encoding amino acids corresponding to Y116, Y149 and F167 in AtSHY2/IAA3 of
eleven |AA proteins, | found a bias in using C as the third nucleotide to encode Y116
in the IAA16 clade and IAA3, which is in contrast with a general T bias observed for
other IAA proteins as well as for the two control sites Y149 and F167 (Figure 1V-4D).
This result demonstrates a favour towards using C to encode the tyrosine
corresponding to Y116 on AtSHYZ2/IAA3 through evolution, and potentially that

corresponding nucleotide of IAA16.
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Figure IV-4: Conservation of C348 on SHY2/IAA3 mRNA. A, Genomic structure of
SHY2/IAA3 with three exons (black boxes) and introns (thin black lines). C348 (red) is
the third codon encoding for Y116 (underlined) on exon 2 of SHY2/IAA3. B, Multiple
sequence alignment of A. thaliana IAA proteins. Y116, Y149 and F167 on SHY2/IAA3
are three highly conserved amino acids (arrowed) across the |IAA protein family as well
as species of Pinus, monocotyledonous and dicotyledonous plants (Supplementary
Figure IV-S2). Colour shading was generated in MView tool of Clustal Omega,
representing identical amino acids. C, Both Tyrosine and Phenylalanine are encoded
by only two codons differing by either C or T as the third nucleotide. D, Usage of C as
the third nucleotide in the codons encoding Y116, Y149 and F167 in IAA proteins.
Collections of species for each IAA protein were generated and the JAA mRNAs of the
species in each collection were aligned and analyzed for the codon they use at sites
corresponding to A. thaliana Y116, Y149 and F167. Bar charts show percentage of
species analyzed using C to encode respective amino acid in each IAA protein. Note
that each IAA protein shown has the same collection of species analyzed for all three
residues (Y116, Y139 and F167).

Interference to C348 on SHY2/IAA3 does not cause detectable effect on root growth
in planta

Lastly, to gain more insight into the potential importance of C348 on SHYZ2/IAA3, |
performed functional analysis by directing dCas13-TET1 to C348 on SHYZ2/IAAS.
Theoretically, dCas13-TET1 can demonstrate the importance of C348 in two manners:

(i) Interfering with m>C activity (removes it or prevents its deposition), and/or (ii)
interfering with the binding of SHY2/IAA3 mRNA interacting partners which may not
require m°C. Four gRNA-spacers were designed to locate dCas13-TET1 to a span of
region around C348 on SHYZ2/IAA3 (Figure IV-5A, Supplementary Figure IV-S3).
Homozygous plants of at least one transgenic line of each spacer were subject to a
root assay in which root growth is recorded each day in a course of nine days.
Transgenic plants with a scramble spacer (random sequence) or a spacer targeting a
different transcript (non-targeting) were used as controls. None of the targeting spacer
or control transgenic lines showed significant differential root growth rate from that of
wild-type. (Figure IV-5B,C, Supplementary Figure 1V-S3).
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Figure IV-5: Interference of dCas13-TET1 to C348 on SHY2/IAA3 does not alter
root growth in Arabidopsis. A, Positioning of spacer gRNAG for dCas13-TET1 to
target C348 on SHY2/IAA3 mRNA. The number indicates the relative position of 5'-
end of the spacer to the target site C348. B, Root growth rate of wild-type, trm4b-1
and dCas13-TET1 transgenic plants. Homozygous seeds of each construct type were
plated on %2 MS medium and grown vertically. Root length was marked every 24 hours.
Three plate replicates with nine plants per plate were done for each line. NT, non-
targeting. Red lines indicate mean of sample. Error bars indicate standard deviation
of the mean. C, Representative root images of 9-day old wild-type and dCas13-TET1
lines with targeting gRNAG or non-targeting gRNA.
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Discussion

Functional relevance of SHY2/IAA3 and IAA16 in m°C requlation of root development

Despite the correlation reported between RNA m°C loss and defective root growth in
A. thaliana, no solid evidence for the functional relevance of any m°C-modified
transcripts/targets was provided. While Cui et al (2017) demonstrated a potential role
for two m°C-bearing transcripts, SHY2/IAA3 and IAA16, in the development of roots,
here with more thorough and comprehensive analyses, | provide evidence refuting a
strong link between the transcripts along with their m°C status, and root development.

Firstly, loss-of-function mutation of SHY2/IAA3 exhibited distinct root growth profile
when compared to m°C deficient mutants. Although there are still discrepancies
between root phenotypes of shy2-24 in Ler and Col backgrounds (Tian, Q. & Reed
1999; Weiste et al. 2017), as the trm4b mutants used are in Col, phenotype of shy2-
24 Col is considered more reliable when taken into comparison. Secondly, while the
shorter primary root phenotype of trm4b mutant is pronounced and reproducible,
molecular alterations are not. Both differential transcript expression and methylation
status of SHY2/IAA3 and IAA16 reported previously (Cui et al. 2017) were not
reproducible in the present study. The discrepancies may (i) point toward an
insignificant role of SHY2/IAA3 and IAA16 mRNAs in the regulation of root
development by m°C methylation; (ii) suggest that m°C regulation of root growth is
significantly affected by subtle environmental changes which resulted in changing of
targets for methylation; or (iii) reflect the meticulous regulation of m°C level and
associated transcripts in a spatial and temporal manner that caused inconsistent
detection when sampling and detecting parameters were slightly changed across
laboratories. While the first explanation appears most straightforward, the second and
third explanations respectively take into account the possible plasticity and precise
regulation of m°C, reconciling the conflicting results obtained here and previously
described.

It should be noted that while the previously used method, m°C-RIP-seq, allows
appreciable sensitivity, the technique requires a considerable amount of input RNA
(around 200-300 ug compared to 1.5-2 ug of total RNA in BS-amp-seq), implies
structural biases, and is poor in reflecting the absolute level of methylation. The low
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and variable m°C level detected on SHY2/IAA3 in the BS-amp-seq presented here
again supports the idea of spatially- and temporally-confined deposition of the
methylation. | propose that to study this issue in a greater detail, examination of
different tissue types, at several stages in early root development will be required. In
this regard, beside more commonly used methods for m°C profiling such as m°C-RIP-
seq, m°C-CLIP-seq or BS-amp-seq, direct RNA sequencing with Nanopore
technologies coupled with an adaptive sampling approach, or single-cell RNA-seq
could provide valuable information about methylation state of low abundant or lowly
methylated transcripts, as well as its spatial and temporal dynamics.

It is significant that an m°C candidate site C348 was detected on SHY2/IAA3 mRNA,
and that this site appears conserved through evolution. There exists the possibility that
this site confers the plant some advantage in development and therefore is retained
to a certain extent. However, as shown through the low reproducibility of SHY2/IAA3
and /AA16 transcript abundance and methylation status, as well as no detectable
impact of interference to the site in planta, the advantage might be overwritable. On
the other hand, it is worth noting that little has been investigated experimentally
regarding dissociation rate of dCas13 from targets. It is possible that rapid dissociation
of the system from bound target leaves the gap for associated machineries to work on
SHYZ2/IAA3 and for SHY2/IAA3 to behave itself normally. Additional functional
analyses using DNA or RNA base-editors, or prime editor (Abudayyeh, O. O. et al.
2019; Anzalone et al. 2019; Komor et al. 2016) to convert C348 into T at DNA level,

or into U at RNA level can provide added evidence for the role of this site.

Other than SHY2/IAA3 and IAA16?

Data presented in this study suggest that m°C regulates root development through
main targets/factors rather than SHY2/IAA3 and IAA16. There are thousands of m°C
sites reported in wild-type A. thaliana root which are lost in {rm4b mutants (Cui et al.
2017; David et al. 2017). For example, David et al (2017) showed that C3349 on
MAIGOS (MAGS5) mRNA is methylated at the rate of 25-26% in 6-day old root tissue.
Using 9-day old root tissue, | found a consistent 30.4-35.1% of methylation at this

cytosine (Supplementary Table IV-S4), suggesting that changes in methylation level

can occur at this site as the roots develop. Given that MAGS5 is not known to directly
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involve in root development, it could be useful to investigate what role the methylation
at this site might play for this organ. Notably, Yang, L et al. (2019) demonstrated that
the mobility of an m°C-modified transcript TRANSLATIONALLY CONTROLLED
TUMOR PROTEIN 1 which is lost in the double mutant of m°C methyltransferases
trm4b trdmt1 promotes root growth, offering an alternative explanation for the
mechanism of root development regulation by m°C. It should also be noted that
TRM4B has other substrates than mRNAs and it is currently unknown how m°C on
these non-mRNA targets participate in root growth. Clarifying these points will be
necessary to better understand the root growth regulation by m°C. In addition, as
reduction in either m8A or m3C can cause shorter primary root, whether these two
methylations regulate root growth in two independent pathways, their regulations
converge, or they cross-talk for a dual-mediator regulation remain an interesting

question to be answered.

Additional role for m°C?

Beside the shorter primary root and less lateral roots phenotype as previously
described (David et al 2017, Cui et al 2017), | noticed a higher density of root hairs in
trm4b-1 mutant, especially towards the root tips (Supplementary Fig IV-S4A).
Consistent with the observation, one of the most important regulators in root hair
formation TRANSPARENT TESTA GLABRA 1 (Galway et al. 1994; Long &
Schiefelbein 2020) exhibits increased mRNA abundance in trm4b-1 (Supplementary
Figure 1V-S4B). Therefore, TRM4B might regulate other aspects of root growth that
have not been reported.
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Supplementary Data
Supplementary Table:

Supplementary Table IV-S1: Methylation found on SHY2/IAA3 in BS-amp-seq
library l. (Supplementary materials for Figure 1V-3). m5C sites were called with
meranTK with Phred score 30 (Q30) set for base-calling quality, 1% methylation set
for methylation calling threshold, and statistical cutoff FDR <0.01. C count (m5C) and
coverage at sites identified as m5C candidates with meranTK were determined for all
samples with IGV (Q20 as used for mapping). WT_R, wild-type root. WT_S, wild-type
shoo. trm4b-1_R, trm4b-1 root.

Q30 WT_R1 WT_R2 WT_R4 WT_S1
SHY?2 Site % Clcoverage % Clcoverage % Clcoverage % Clcoverage
C348 | 1.5 | 46/3056 NA | NA 2.2 | 49/2236 N/A | N/A
(AT1GO C443 | 1.1 | 85/8027 NA | NA N/A | N/A 14 | 228/15960
4240) C501 | N/A | N/A 16 | 128/8045 N/A | NA NA | NA
Q20 Cl/coverage
trm4b- trm4b- trm4b-
Site WT_R1 WT_R2 WT_R3 | WT_R4 WT_S1 WT_S2 WT_S3 1_R1 1_R2 2 R1
C348 86/3187 11747 0/2284 80/2334 1/4673 0/704 0/1252 0/4523 0/2215 0/4974
C443 91/8071 0/8195 0/2880 1/4526 251/16042 1/7611 1/11563 27/10587 1/9898 1/9758
S H Y2 C501 1/8049 183/8152 0/2879 1/4553 0/16037 0/7606 2/11558 44/10582 0/9891 0/9756

Supplementary Table IV-S2: Methylation not found on SHY2//IAA3 in BS-amp-seq
library Il. C count (m5C) and coverage at C348 and C443 are shown (C/coverage).

WT trm4b-1
Site 1 2 3 4 5 1 2 3 4 5
C348 | 6/20
SHY?2 787 | 1/3742 | 14/12888 | 42/10872 | 5/19460 | 8/17752 | 8/16484 | 8/2148 | 20/117602 | 3/32444
C443 | 3272
5166 | 2/5663 | 5/16174 | 3/2721 10/27356 | 10/4676 | 6/13523 | 0/3274 | 46/151341 | 7/32210
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Supplementary Table IV-S3: Codon usage at Y116, Y149 and F167 in IAA
proteins of species analyzed (Supplementary materials for Figure IV-4D, Species
collections listed in Appendix 3). Y116, Y149 and F167 refer to the positions of these
amino acids on AfSHY2/IAA3. Codons shown in table are those used in A. thaliana.
For some IAA proteins, some species were found using both C or T as the third
nucleotide to encode the respective amino acid (highlighted in blue). Data is shown

as: Codon used in A. thaliana — Total number of species use this codon/Total number

of species analyzed (*Number of species use both codons with T or C)

Y116 Y149 F167

IAA1 | TAT -6/12 TAT - 10/12 TTC - 3/12

IAA2 | TAC - 17/36 TAC - 20/38 TTC - 16/38
IAA3 | TAC - 20/27 TAT - 20/27 TTC - 13/28
IAA4 | TAT - 32/58 (*5) TAT - 52/56 (*4) TTT - 29/41
IAA27 | TAC - 24/67 TAT - 54/66 TTT - 19/64
IAA16 | TAC - 68/81 (*4) TAT - 67/81 (*2) TTT - 54/81
IAA17 | TAC - 20/29 TAT - 22/27 TTC - 16/28
IAA7 | TAC - 18/27 TAC - 11/26 TTT - 24/26
IAA14 | TAC - 47/53 TAC - 17/51 TTT - 39/50
IAA8 | TAT - 33/41 TAT - 31/41 TTT - 22/39
IAA9 | TAT - 39/70 TAT - 48/69 TTT - 49/66
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Supplementary Table IV-S4: m>C level at MAG5 C3349 in 9-day old A. thaliana
root tissue determined by BS-amp-seq. Five replicates for wild-type and four
replicates for trm4b-1 are shown. The missing replicate 5 in trm4b-1 is due to MAG5
amplicon was not included in this replicate. Given that trm4b-1 is a null mutant
(Burgess et al, 2015), the consistent 1.4-2.5% m°C at C3349 but not any other sites
on the MAGS5 amplicon in trm4b-1 suggests that a second m°C “writer” can act on this

site.

WT
Coverage Non-converted cytosines (%)
MAG5 1 2 3 4 5 1 2 3 4 5
(AT5G47480) (16863 4184 | 4902 |1502 | 3850 |33.3 |33.1 | 34 |[30.4 | 351

trm4b-1
Coverage Non-converted cytosines (%)
MAG5 1 2 3 4 1 2 3 4
(AT5G47480)| 4436 [1643 (158105341 | 21 | 14 | 1.2 2.5
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Supplementary Table IV-S5: Primers used in BS-amp-seq. Red letters denote

adaptors for library preparation. Lowercase letters denote C or G in the genome

converted to T or A in silico, respectively.

Primers used in BS-amp-seq

SHY2 cDNA 1 | CTTaAAaATATATCTCATACACCACAaCC

SHY2 cDNA 2 | cCCaAaAAACCCaACAACCC

SHY2_cDNA_3 | CAAAaTCTaAACCTTTATATCCATCTCTCTC

SHY2 1 F ACACTGACGACATGGTTCTACATGIAGGGITIAGATTGTTGGATGGHALAG
TAC GGT AGC AGA GAC TTG GTC

SHY2 1 R TCTCTCCCACAaAaAATTTaAACATCACTTCT

SHY2 2 F ACACTGACGACATGGTTCTACAGAGTTGTTAtAAAGGATAITIAGAGTTGITTAAAG
TAC GGT AGC AGA GAC TTG GTC

SHY2 2 R TCTCATACACCACAaCCTAAACCTTTaaCTTC

IAA16_cDNA 1 | CTaTTCTTaCACTTTTCTAATaCCC

IAA16_cDNA 2 | CACaAAATaTCaTCaAaAACTC

IAA16 1 F ACACTGACGACATGGTTCTACAGTTTAGITITTTTAHATAGGIAAITATGG

IAA16 1 R TAC GGT AGC AGA GAC TTG GTC TTCCaATTaCTTCTaATCCCTTCATTATTC

Supplementary Table IV-S6: gRNA spacer sequence for functional analysis

using dCas13-TET1. Red letters denote overhangs for ligation into Bsal sites in the

vector.

dgRNA spacer sequence for functional analysis using dCas13-TET1

SHY2-gRNAG-F

CAACTTTGTAACAACTCAGATCTATTTTCCTCG

SHY2-gRNAG-R

ACAACGAGGAAAATAGATCTGAGTTGTTACAAA

SHY2-gRNA9-F

CAACGTAACAACTCAGATCTATTTTCCTCAAGG

SHY2-gRNA9-R

ACAACCTTGAGGAAAATAGATCTGAGTTGTTAC

SHY2-gRNA15-F

CAACACTCAGATCTATTTTCCTCAAGTATGGTG

SHY2-gRNA15-R

ACAACACCATACTTGAGGAAAATAGATCTGAGT

SHY2-gRNA24'-F

CAACTTCTAAAGCTTTAAGCAACTCTGAGTATG

SHY2-gRNA24'-R

ACAACATACTCAGAGTTGCTTAAAGCTTTAGAA
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Supplementary Figure:
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Supplementary Figure IV-S1: Relative transcript abundance of SHY2/IAA3 and
IAA16 in wild-type and trm4b-1 determined by RT-qPCR. This experiment was
independent of Figure IV-2. 9-day old root tissues were used. Two biological replicates
and three technical triplicates were performed. ACT2 was used as an internal control.
Welch’s t test, ***: p value < 0.001.
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Supplementary Figure IV-S2: Conservation of Y116, Y149 and F167 on A.
thaliana IAA3. A, Protein sequence logo of multiple sequence alignment for IAA3
across species of Pinus, Monocots and Dicots. B, Protein sequence logo of multiple
sequence alignment for all protein in A. thaliana |IAA family. Tyrosines correspond to
Y116 (Upper), Y149 (Lower) and Phenyalanine correspond to F167 (Lower) in

A.thaliana are indicated with red arrow heads in each panel.
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Supplementary Figure IV-S3: Interference of dCas13-TET1 to C348 on

SHY2/IAA3 does not alter root growth in planta (Supplementary materials for
Figure IV-5). A, Positioning of spacers for dCas13-TET1. B-C, Root phenotype of
transgenic plants compared to wild-type, illustrated as root growth rate for Targeting
gRNA24’ (B) or root images at day 9 for gRNA9 and gRNA15 (C). Data in (B) and (C)

are generated independently.
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Supplementary Figure IV-S4: RNA 5-methylcytosine and root hair production. A,
Higher density of root hair observed in m>C deficient mutant trm4b-1 under Leica light
microscope. The phenotype was observed in six trm4b-1 plant replicates in two
separate plates as opposed to ten wild-type in two separate plates. B, Root hair
formation regulator TTG1 showed increased mRNA abundance in trm4b-1. Two
biological replicates and three technical triplicates were performed. Error bars
represent standard deviation of mean. ACT2 was used as an internal control. Welch’s
t test, ****: p value < 0.0001
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General discussion

Targeted manipulations for functional studies of RNA methylations

Tools that allow targeted manipulations of RNA modifications are critical in their
functional studies. In this study, | explored the potential use of RNA-guided RNA
targeting system CRISPR-dCas13 and RNA-based technique STTM in specific
manipulations of RNA m®A and m°C in A. thaliana. dCas13-ALKBH10B led to over-
branched trichome phenotype indicative for reduction of méA on TTG7 mRNA, with
reduced m6A abundance at one of the targeted sites shown. On the other hand,
dCas13-TET1 inverted the effect of m°C presence on a Luciferase reporter transcript,

pointing towards dCas13-TET1-mediated removal or alteration of the m°C.

Interestingly, when dCas13-TET1 was used to target m5C site C3349 on the
endogenous transcript MAGS5 in A. thaliana, it appeared that the m°C/hm°C level of
the site increased. This could be explained as a cellular strategy to increase m°C level
to compensate the portion that has been converted to hm°C by dCas13-TET1.
Notably, it was previously shown that in HEK293T cells, binding of dCas13d-
mALKBHS5 (catalytically inactive ALKBH5) caused slight increase in m®A level at a
target site compared to when a non-targeting gRNA was used (Xia et al. 2021). The
phenomenon could be attributed to alterations of local RNA structure upon binding of
the dCas13-mALKBHS conjugate, making the modified sites more accessible to
methyltransferases. Therefore, an alternative hypothesis for the enhanced m°C level
detected is that the binding of dCas13-TET1 might have changed MAG5 mRNA
secondary structure and promoted m°C deposition to site C3349. This could also be
the case for mSTTM10, where this mutated STTM structure might have affected
MAGS5 conformation and led to an increase in m°C level at C3349. On the other hand,
it is worth noting that altered RNA secondary structure might not only change the level
of modification installed, but could also be a result of methylation (Liu, N. et al. 2015).
The observation of increased m°C level at MAG5 C3349 when mSTTM10 was used
could also be explained by degradation of non-modified transcripts but not modified
ones, which in turn pointed towards different secondary structure of non-modified and
m°C-modified MAG5 mRNAs. Therefore, while further experiments are required to

clarify the manipulations conferred by the dCas13-“eraser” fusions and mSTTM,
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interesting observations have been made and would contribute to the future
deciphering of specific RNA modified sites.

In designing system for targeted manipulations of RNA methylation from dCas13, as
a relatively new system, there are certain gaps in the current understanding of
dCas13’s behaviour that should be held on to, such as the kinetics of dCas13 binding
to target (dissociation rate from targets), dCas13 and its fusion proteins’ turn-over rate
and structural difference. These poorly understood features could affect various
aspects of translational fusions from dCas13, for example the efficacy, efficiency and
specificity. Various applications have also reported slight to marked differences in
design of dCas13 fusions, with the most perplexing issue perhaps being the design of
gRNA, or in particular the spacer base-pairing with target. Only special feature of a
modification, such as prominent occurrence of A-to-l or C-to-U editing on a paired
nucleotide allowed more rational design of spacers for targeted RNA editing using
dCas13-ADAR2 (Abudayyeh, O. O. et al. 2019; Cox et al. 2017). Other published
studies with dCas13 conjugated to m®A “writer” and/or “eraser” adopted spacers
binding as close as overlapping with modified sites (Xia et al. 2021), to as far as 3 kb
from target sites (Li, Jiexin et al. 2020). For each of the strategies, variable modifying
efficiency was achieved for different targets. While cellular regulation of specific
modified site might have complicated the readouts of a desired edit’s efficiency, the
observation strongly highlighted the effect of RNA secondary structure for both the
accessibility of dCas13 and the catalytic activity of the effector domain. Therefore,
biochemical improvements of future dCas13 fusion needs to go along with
experimental and computational modelling of an optimal design that takes into account
RNA dynamic structure and the fusion protein’s configuration. Alternatively, addition
of a domain for unwinding of double-stranded regions on RNA, such as a helicase,
into dCas13 fusions might be useful in dealing with RNA secondary structure.

It is also worth mentioning that due to the constraint of time and the scope of this study,
dCas13-“eraser” fusions were designed and constructed with specific features which
could be further investigated or optimized in the future: (i) There could be more
effective candidates than hTET1 in removing RNA m®°C that can be tethered to
dCas13. For instance, TET from D. melanogaster was reported as an RNA m5C
dioxygenase (Delatte, Benjamin et al. 2016) and potentially is more active on RNA
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than hTET1. (ii) The RNA modifications and their “writers” in this study are reported or
suggested to be deposited/function in the nucleus. Therefore, directing dCas13-
“eraser” fusions to nucleus likely would help compete with the “writer” proteins and
remove the methylations most efficiently. The design also ensures the effects caused
by methylation before the transcripts are exported to cytoplasm or other cellular
organelles are not overlooked. However, depending on the transcripts and enzymes
involved, the localization signal may need amendments to maximize the fusion
protein’s activity. (iii) Like most studies with dCas13 fusions, here effector domains
were tethered to dCas13’s C terminus. This may or may not affect the fusion protein’s
folding and behaviours and will require comparisons to fusion to the N terminus.

While systems with dCas13 have gained certain success in overwriting RNA
methylations (this study and others in animals), it remains an open question if an RNA-
based structure can serve a similar purpose, that is to bind to mRNA and interfere with
RNA methylation deposition. Although my examination of STTM and a derivative
structure mSTTM did not gain positive result in RNA methylation interference, given
what have been known about the remarkably diverse function and mode of action of
different RNA types, more rational designs, high-throughput library screens, or a
directed evolution approach might finally lead us to such “RNA-based RNA
modification interferer” technique.

Multi-approach functional studies of a modified site — Appreciating discrepancies

There is an undeniable fact that current studies on RNA modifications can feature
poorly-overlapping or even conflicting findings, ranging from mapping of modified sites
(Saletore et al. 2012; Zaringhalam & Papavasiliou 2016), abundance or even
existence of a modification on certain RNA species (Cui et al. 2017; Huang, T et al.
2019), to impacts of a participating enzyme (Haussmann et al. 2016; Hongay & Orr-
Weaver 2011). The variations have been attributed to limitations of studying
methodologies, techniques, and the presumably highly dynamic regulation of RNA
modifications. This notion can be supported with my investigation of root development
regulation by m5C (Chapter 1V) in which data did not support previously described
major roles for SHY2/IAA3 and IAA16 in m5C regulation of root development.
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In some instances, it is interpretation of data that can make a difference in findings
reported. For example, m6A on TTG71 mRNA was hypothesized to involve trichome
patterning through regulating TTG1 transcript abundance based on the observation
that over-branched trichome phenotype in ect2-1 correlated with reduced mRNA
abundance at steady-state, shown through an RT-qPCR, and instability of TTG1
mRNA, shown through a transcription-inhibition-based RT-qPCR, in the mutant (Wei,
L-H et al. 2018). However, RNA-seq in the same study demonstrated a similar
abundance of TTG1 mRNA in wild-type and ect2-1. In this study, steady-state TTG1
mRNA abundance was found not significantly affected by the absence of “reader”
protein ECT2 in two biological replicates of ect2-1 while the trichome phenotype of the
mutant remained consistent (Chapter Il). Therefore, by somewhat ignoring the
discrepancies between their RT-gPCR and RNA-seq data, the authors failed to point
out the gap in their model of trichome morphology regulation by m6A, which could be
participation of other key factors rather than TTG1, or the ability to be overwritten/fine-

tuning rather than absolute function of m6A.

The complexity of “epitranscriptomic” regulation requires documentation and more
open discussion of seemingly incompatible data. The overall underrepresented
number of site-specific functional investigations need to be overcome so that noises
in data and interpretation can be cleared out with reproducibility. Along with that,
improvements in existing techniques or development of new approaches such as
specificity and sensitivity of mapping, tissue-specific investigations or single-cell

technologies will be critical resources.
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Concluding remark

The exciting discoveries in the field of RNA modifications for the past decade has
fuelled explosion of new research and findings in this fast-growing frontier. Mapping
of various modifications in different transcriptomes have been valuable, however,
substantial works are required to expand the field with not only width but depth. Of
these, site-specific functional studies are of utmost importance. By taking small steps,
such as verifying previous findings and diving into functional relevance of a specific
modified site, RNA modification field can start moving forward firmly and get closer to

the establishment of “epitranscriptomics”.
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Appendix
Appendix 1: DNA sequences of fusion proteins

= NLS
Black = PspCas13b
Blue = GSG linker
Brown =TET1

-PspCas13b-GSG linker-TET1-

ATGAACATCCCCGCTCTGGTGGAAAACCA
GAAGAAGTACTTTGGCACCTACAGCGTGATGGCCATGCTGAACGCTCAGACCG
TGCTGGACCACATCCAGAAGGTGGCCGATATTGAGGGCGAGCAGAACGAGAA
CAACGAGAATCTGTGGTTTCACCCCGTGATGAGCCACCTGTACAACGCCAAGA
ACGGCTACGACAAGCAGCCCGAGAAAACCATGTTCATCATCGAGCGGCTGCAG
AGCTACTTCCCATTCCTGAAGATCATGGCCGAGAACCAGAGAGAGTACAGCAA
CGGCAAGTACAAGCAGAACCGCGTGGAAGTGAACAGCAACGACATCTTCGAGG
TGCTGAAGCGCGCCTTCGGCGTGCTGAAGATGTACAGGGACCTGACCAACGCA
TACAAGACCTACGAGGAAAAGCTGAACGACGGCTGCGAGTTCCTGACCAGCAC
AGAGCAACCTCTGAGCGGCATGATCAACAACTACTACACAGTGGCCCTGCGGA
ACATGAACGAGAGATACGGCTACAAGACAGAGGACCTGGCCTTCATCCAGGAC
AAGCGGTTCAAGTTCGTGAAGGACGCCTACGGCAAGAAAAAGTCCCAAGTGAA
TACCGGATTCTTCCTGAGCCTGCAGGACTACAACGGCGACACACAGAAGAAGC
TGCACCTGAGCGGAGTGGGAATCGCCCTGCTGATCTGCCTGTTCCTGGACAAG
CAGTACATCAACATCTTTCTGAGCAGGCTGCCCATCTTCTCCAGCTACAATGCC
CAGAGCGAGGAACGGCGGATCATCATCAGATCCTTCGGCATCAACAGCATCAA
GCTGCCCAAGGACCGGATCCACAGCGAGAAGTCCAACAAGAGCGTGGCCATG
GATATGCTCAACGAAGTGAAGCGGTGCCCCGACGAGCTGTTCACAACACTGTC
TGCCGAGAAGCAGTCCCGGTTCAGAATCATCAGCGACGACCACAATGAAGTGC
TGATGAAGCGGAGCAGCGACAGATTCGTGCCTCTGCTGCTGCAGTATATCGAT
TACGGCAAGCTGTTCGACCACATCAGGTTCCACGTGAACATGGGCAAGCTGAG
ATACCTGCTGAAGGCCGACAAGACCTGCATCGACGGCCAGACCAGAGTCAGAG
TGATCGAGCAGCCCCTGAACGGCTTCGGCAGACTGGAAGAGGCCGAGACAAT
GCGGAAGCAAGAGAACGGCACCTTCGGCAACAGCGGCATCCGGATCAGAGAC
TTCGAGAACATGAAGCGGGACGACGCCAATCCTGCCAACTATCCCTACATCGT
GGACACCTACACACACTACATCCTGGAAAACAACAAGGTCGAGATGTTTATCAA
CGACAAAGAGGACAGCGCCCCACTGCTGCCCGTGATCGAGGATGATAGATACG
TGGTCAAGACAATCCCCAGCTGCCGGATGAGCACCCTGGAAATTCCAGCCATG
GCCTTCCACATGTTTCTGTTCGGCAGCAAGAAAACCGAGAAGCTGATCGTGGA
CGTGCACAACCGGTACAAGAGACTGTTCCAGGCCATGCAGAAAGAAGAAGTGA
CCGCCGAGAATATCGCCAGCTTCGGAATCGCCGAGAGCGACCTGCCTCAGAA
GATCCTGGATCTGATCAGCGGCAATGCCCACGGCAAGGATGTGGACGCCTTCA
TCAGACTGACCGTGGACGACATGCTGACCGACACCGAGCGGAGAATCAAGAGA
TTCAAGGACGACCGGAAGTCCATTCGGAGCGCCGACAACAAGATGGGAAAGAG
AGGCTTCAAGCAGATCTCCACAGGCAAGCTGGCCGACTTCCTGGCCAAGGACA
TCGTGCTGTTTCAGCCCAGCGTGAACGATGGCGAGAACAAGATCACCGGCCTG
AACTACCGGATCATGCAGAGCGCCATTGCCGTGTACGATAGCGGCGACGATTA
CGAGGCCAAGCAGCAGTTCAAGCTGATGTTCGAGAAGGCCCGGCTGATCGGC
AAGGGCACAACAGAGCCTCATCCATTTCTGTACAAGGTGTTCGCCCGCAGCAT
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CCCCGCCAATGCCGTCGAGTTCTACGAGCGCTACCTGATCGAGCGGAAGTTCT
ACCTGACCGGCCTGTCCAACGAGATCAAGAAAGGCAACAGAGTGGATGTGCCC
TTCATCCGGCGGGACCAGAACAAGTGGAAAACACCCGCCATGAAGACCCTGGG
CAGAATCTACAGCGAGGATCTGCCCGTGGAACTGCCCAGACAGATGTTCGACA
ATGAGATCAAGTCCCACCTGAAGTCCCTGCCACAGATGGAAGGCATCGACTTC
AACAATGCCAACGTGACCTATCTGATCGCCGAGTACATGAAGAGAGTGCTGGA
CGACGACTTCCAGACCTTCTACCAGTGGAACCGCAACTACCGGTACATGGACA
TGCTTAAGGGCGAGTACGACAGAAAGGGCTCCCTGCAGCACTGCTTCACCAGC
GTGGAAGAGAGAGAAGGCCTCTGGAAAGAGCGGGCCTCCAGAACAGAGCGGT
ACAGAAAGCAGGCCAGCAACAAGATCCGCAGCAACCGGCAGATGAGAAACGC
CAGCAGCGAAGAGATCGAGACAATCCTGGATAAGCGGCTGAGCAACAGCCGG
AACGAGTACCAGAAAAGCGAGAAAGTGATCCGGCGCTACAGAGTGCAGGATGC
CCTGCTGTTTCTGCTGGCCAAAAAGACCCTGACCGAACTGGCCGATTTCGACG
GCGAGAGGTTCAAACTGAAAGAAATCATGCCCGACGCCGAGAAGGGAATCCTG
AGCGAGATCATGCCCATGAGCTTCACCTTCGAGAAAGGCGGCAAGAAGTACAC
CATCACCAGCGAGGGCATGAAGCTGAAGAACTACGGCGACTTCTTTGTGCTGG
CTAGCGACAAGAGGATCGGCAACCTGCTGGAACTCGTGGGCAGCGACATCGT
GTCCAAAGAGGATATCATGGAAGAGTTCAACAAATACGACCAGTGCAGGCCCG
AGATCAGCTCCATCGTGTTCAACCTGGAAAAGTGGGCCTTCGACACATACCCC
GAGCTGTCTGCCAGAGTGGACCGGGAAGAGAAGGTGGACTTCAAGAGCATCCT
GAAAATCCTGCTGAACAACAAGAACATCAACAAAGAGCAGAGCGACATCCTGC
GGAAGATCCGGAACGCCTTCGATGCAAACAATTACCCCGACAAAGGCGTGGTG
GAAATCAAGGCCCTGCCTGAGATCGCCATGAGCATCAAGAAGGCCTTTGGGGA
GTACGCCATCATGAAGGGAAGCGGGGCTAAAGATTCTGAACTGCCCACCTGCA
GCTGTCTTGATCGAGTTATACAAAAAGACAAAGGCCCATATTATACACACCTTG
GGGCAGGACCAAGTGTTGCTGCTGTCAGGGAAATCATGGAGAATAGGTATGGT
CAAAAAGGAAACGCAATAAGGATAGAAATAGTAGTGTACACCGGTAAAGAAGG
GAAAAGCTCTCATGGGTGTCCAATTGCTAAGTGGGTTTTAAGAAGAAGCAGTGA
TGAAGAAAAAGTTCTTTGTTTGGTCCGGCAGCGTACAGGCCACCACTGTCCAAC
TGCTGTGATGGTGGTGCTCATCATGGTGTGGGATGGCATCCCTCTTCCAATGG
CCGACCGGCTATACACAGAGCTCACAGAGAATCTAAAGTCATACAATGGGCAC
CCTACCGACAGAAGATGCACCCTCAATGAAAATCGTACCTGTACATGTCAAGGA
ATTGATCCAGAGACTTGTGGAGCTTCATTCTCTTTTGGCTGTTCATGGAGTATGT
ACTTTAATGGCTGTAAGTTTGGTAGAAGCCCAAGCCCCAGAAGATTTAGAATTG
ATCCAAGCTCTCCCTTACATGAAAAAAACCTTGAAGATAACTTACAGAGTTTGGC
TACACGATTAGCTCCAATTTATAAGCAGTATGCTCCAGTAGCTTACCAAAATCAG
GTGGAATATGAAAATGTTGCCCGAGAATGTCGGCTTGGCAGCAAGGAAGGTCG
TCCCTTCTCTGGGGTCACTGCTTGCCTGGACTTCTGTGCTCATCCCCACAGGG
ACATTCACAACATGAATAATGGAAGCACTGTGGTTTGTACCTTAACTCGAGAAG
ATAACCGCTCTTTGGGTGTTATTCCTCAAGATGAGCAGCTCCATGTGCTACCTC
TTTATAAGCTTTCAGACACAGATGAGTTTGGCTCCAAGGAAGGAATGGAAGCCA
AGATCAAATCTGGGGCCATCGAGGTCCTGGCACCCCGCCGCAAAAAAAGAACG
TGTTTCACTCAGCCTGTTCCCCGTTCTGGAAAGAAGAGGGCTGCGATGATGAC
GGAGGTTCTTGCACATAAGATAAGGGCAGTGGAAAAGAAACCTATTCCCCGAAT
CAAGCGGAAGAATAACTCAACAACAACAAACAACAGTAAGCCTTCGTCACTGCC
AACCTTAGGGAGTAACACTGAGACCGTGCAACCTGAAGTAAAAAGTGAAACCG
AACCCCATTTTATCTTAAAAAGTTCAGACAACACTAAAACTTATTCGCTGATGCC
ATCCGCTCCTCACCCAGTGAAAGAGGCATCTCCAGGCTTCTCCTGGTCCCCGA
AGACTGCTTCAGCCACACCAGCTCCACTGAAGAATGACGCAACAGCCTCATGC
GGGTTTTCAGAAAGAAGCAGCACTCCCCACTGTACGATGCCTTCGGGAAGACT
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CAGTGGTGCCAATGCAGCTGCTGCTGATGGCCCTGGCATTTCACAGCTTGGCG
AAGTGGCTCCTCTCCCCACCCTGTCTGCTCCTGTGATGGAGCCCCTCATTAATT
CTGAGCCTTCCACTGGTGTGACTGAGCCGCTAACGCCTCATCAGCCAAACCAC
CAGCCCTCCTTCCTCACCTCTCCTCAAGACCTTGCCTCTTCTCCAATGGAAGAA
GATGAGCAGCATTCTGAAGCAGATGAGCCTCCATCAGACGAACCCCTATCTGAT
GACCCCCTGTCACCTGCTGAGGAGAAATTGCCCCACATTGATGAGTATTGGTCA
GACAGTGAGCACATCTTTTTGGATGCAAATATTGGTGGGGTGGCCATCGCACCT
GCTCACGGCTCGGTTTTGATTGAGTGTGCCCGGCGGGAGCTGCACGCTACCAC
TCCTGTTGAGCACCCCAACCGTAATCATCCAACCCGCCTCTCCCTTGTCTTTTA
CCAGCACAAAAACCTAAATAAGCCCCAACATGGTTTTGAACTAAACAAGATTAA
GTTTGAGGCTAAAGAAGCTAAGAATAAGAAAATGAAGGCCTCAGAGCAAAAAGA
CCAGGCAGCTAATGAAGGTCCAGAACAGTCCTCTGAAGTAAATGAATTGAACCA
AATTCCTTCTCATAAAGCATTAACATTAACCCATGACAATGTTGTCACCGTGTCC
CCTTATGCTCTCACACACGTTGCGGGGCCCTATAACCATTGGGTCTGT
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= NLS
Black = PspCas13b
Blue = GSG linker
= ALKBH10B

-PspCas13b-GSG linker-

ATGAACATCCCCGCTCTGGTGGAAAACCA
GAAGAAGTACTTTGGCACCTACAGCGTGATGGCCATGCTGAACGCTCAGACCG
TGCTGGACCACATCCAGAAGGTGGCCGATATTGAGGGCGAGCAGAACGAGAA
CAACGAGAATCTGTGGTTTCACCCCGTGATGAGCCACCTGTACAACGCCAAGA
ACGGCTACGACAAGCAGCCCGAGAAAACCATGTTCATCATCGAGCGGCTGCAG
AGCTACTTCCCATTCCTGAAGATCATGGCCGAGAACCAGAGAGAGTACAGCAA
CGGCAAGTACAAGCAGAACCGCGTGGAAGTGAACAGCAACGACATCTTCGAGG
TGCTGAAGCGCGCCTTCGGCGTGCTGAAGATGTACAGGGACCTGACCAACGCA
TACAAGACCTACGAGGAAAAGCTGAACGACGGCTGCGAGTTCCTGACCAGCAC
AGAGCAACCTCTGAGCGGCATGATCAACAACTACTACACAGTGGCCCTGCGGA
ACATGAACGAGAGATACGGCTACAAGACAGAGGACCTGGCCTTCATCCAGGAC
AAGCGGTTCAAGTTCGTGAAGGACGCCTACGGCAAGAAAAAGTCCCAAGTGAA
TACCGGATTCTTCCTGAGCCTGCAGGACTACAACGGCGACACACAGAAGAAGC
TGCACCTGAGCGGAGTGGGAATCGCCCTGCTGATCTGCCTGTTCCTGGACAAG
CAGTACATCAACATCTTTCTGAGCAGGCTGCCCATCTTCTCCAGCTACAATGCC
CAGAGCGAGGAACGGCGGATCATCATCAGATCCTTCGGCATCAACAGCATCAA
GCTGCCCAAGGACCGGATCCACAGCGAGAAGTCCAACAAGAGCGTGGCCATG
GATATGCTCAACGAAGTGAAGCGGTGCCCCGACGAGCTGTTCACAACACTGTC
TGCCGAGAAGCAGTCCCGGTTCAGAATCATCAGCGACGACCACAATGAAGTGC
TGATGAAGCGGAGCAGCGACAGATTCGTGCCTCTGCTGCTGCAGTATATCGAT
TACGGCAAGCTGTTCGACCACATCAGGTTCCACGTGAACATGGGCAAGCTGAG
ATACCTGCTGAAGGCCGACAAGACCTGCATCGACGGCCAGACCAGAGTCAGAG
TGATCGAGCAGCCCCTGAACGGCTTCGGCAGACTGGAAGAGGCCGAGACAAT
GCGGAAGCAAGAGAACGGCACCTTCGGCAACAGCGGCATCCGGATCAGAGAC
TTCGAGAACATGAAGCGGGACGACGCCAATCCTGCCAACTATCCCTACATCGT
GGACACCTACACACACTACATCCTGGAAAACAACAAGGTCGAGATGTTTATCAA
CGACAAAGAGGACAGCGCCCCACTGCTGCCCGTGATCGAGGATGATAGATACG
TGGTCAAGACAATCCCCAGCTGCCGGATGAGCACCCTGGAAATTCCAGCCATG
GCCTTCCACATGTTTCTGTTCGGCAGCAAGAAAACCGAGAAGCTGATCGTGGA
CGTGCACAACCGGTACAAGAGACTGTTCCAGGCCATGCAGAAAGAAGAAGTGA
CCGCCGAGAATATCGCCAGCTTCGGAATCGCCGAGAGCGACCTGCCTCAGAA
GATCCTGGATCTGATCAGCGGCAATGCCCACGGCAAGGATGTGGACGCCTTCA
TCAGACTGACCGTGGACGACATGCTGACCGACACCGAGCGGAGAATCAAGAGA
TTCAAGGACGACCGGAAGTCCATTCGGAGCGCCGACAACAAGATGGGAAAGAG
AGGCTTCAAGCAGATCTCCACAGGCAAGCTGGCCGACTTCCTGGCCAAGGACA
TCGTGCTGTTTCAGCCCAGCGTGAACGATGGCGAGAACAAGATCACCGGCCTG
AACTACCGGATCATGCAGAGCGCCATTGCCGTGTACGATAGCGGCGACGATTA
CGAGGCCAAGCAGCAGTTCAAGCTGATGTTCGAGAAGGCCCGGCTGATCGGC
AAGGGCACAACAGAGCCTCATCCATTTCTGTACAAGGTGTTCGCCCGCAGCAT
CCCCGCCAATGCCGTCGAGTTCTACGAGCGCTACCTGATCGAGCGGAAGTTCT
ACCTGACCGGCCTGTCCAACGAGATCAAGAAAGGCAACAGAGTGGATGTGCCC
TTCATCCGGCGGGACCAGAACAAGTGGAAAACACCCGCCATGAAGACCCTGGG
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CAGAATCTACAGCGAGGATCTGCCCGTGGAACTGCCCAGACAGATGTTCGACA
ATGAGATCAAGTCCCACCTGAAGTCCCTGCCACAGATGGAAGGCATCGACTTC
AACAATGCCAACGTGACCTATCTGATCGCCGAGTACATGAAGAGAGTGCTGGA
CGACGACTTCCAGACCTTCTACCAGTGGAACCGCAACTACCGGTACATGGACA
TGCTTAAGGGCGAGTACGACAGAAAGGGCTCCCTGCAGCACTGCTTCACCAGC
GTGGAAGAGAGAGAAGGCCTCTGGAAAGAGCGGGCCTCCAGAACAGAGCGGT
ACAGAAAGCAGGCCAGCAACAAGATCCGCAGCAACCGGCAGATGAGAAACGC
CAGCAGCGAAGAGATCGAGACAATCCTGGATAAGCGGCTGAGCAACAGCCGG
AACGAGTACCAGAAAAGCGAGAAAGTGATCCGGCGCTACAGAGTGCAGGATGC
CCTGCTGTTTCTGCTGGCCAAAAAGACCCTGACCGAACTGGCCGATTTCGACG
GCGAGAGGTTCAAACTGAAAGAAATCATGCCCGACGCCGAGAAGGGAATCCTG
AGCGAGATCATGCCCATGAGCTTCACCTTCGAGAAAGGCGGCAAGAAGTACAC
CATCACCAGCGAGGGCATGAAGCTGAAGAACTACGGCGACTTCTTTGTGCTGG
CTAGCGACAAGAGGATCGGCAACCTGCTGGAACTCGTGGGCAGCGACATCGT
GTCCAAAGAGGATATCATGGAAGAGTTCAACAAATACGACCAGTGCAGGCCCG
AGATCAGCTCCATCGTGTTCAACCTGGAAAAGTGGGCCTTCGACACATACCCC
GAGCTGTCTGCCAGAGTGGACCGGGAAGAGAAGGTGGACTTCAAGAGCATCCT
GAAAATCCTGCTGAACAACAAGAACATCAACAAAGAGCAGAGCGACATCCTGC
GGAAGATCCGGAACGCCTTCGATGCAAACAATTACCCCGACAAAGGCGTGGTG
GAAATCAAGGCCCTGCCTGAGATCGCCATGAGCATCAAGAAGGCCTTTGGGGA
GTACGCCATCATGAAGGGAAGCGGG
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Appendix 2: Sequence of gRNA arrays (Chapter Il)

Blue = AtU6
Red = DR
Black = SPACER

Sequence of “3’'UTR gRNA array”:

AtUB-DR-(SPACER-DR)q

AGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGATCCGTAGAAACGAG
ACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGTGAGTGTGAG
TGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAATATAAA
TGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTAA
GCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAG
TTTATATATGGTTAGAGACGAAGTAGTGATTGGGACGCGTGTTGTGGAAGGTCC
AGTTTTGAGGGGCTATTACAACCTAAAATCCTTATTGATCACTTCACATCGTTGT
GGAAGGTCCAGTTTTGAGGGGCTATTACAACTTACAATCAGATAGATACAGAGT
CATTGGTTGTGGAAGGTCCAGTTTTGAGGGGCTATTACAACAAATGAATTCAGT
TTTAGTTACAATCAGGTTGTGGAAGGTCCAGTTTTGAGGGGCTATTACAACACA
CAACATAAGATAATAGTATCATTTGGTTGTGGAAGGTCCAGTTTTGAGGGGCTA
TTACAACTTTTTT

Sequence of “all-gRNA array”:
AtU6-DR-(SPACER-DR)e

AGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGATCCGTAGAAACGAG
ACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGTGAGTGTGAG
TGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAATATAAA
TGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTAA
GCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAG
TTTATATATGGTTAGAGACGAAGTAGTGATTGGGACGCGTGTTGTGGAAGGTCC
AGTTTTGAGGGGCTATTACAACCTAAAATCCTTATTGATCACTTCACATCGTTGT
GGAAGGTCCAGTTTTGAGGGGCTATTACAACTTACAATCAGATAGATACAGAGT
CATTGGTTGTGGAAGGTCCAGTTTTGAGGGGCTATTACAACAAATGAATTCAGT
TTTAGTTACAATCAGGTTGTGGAAGGTCCAGTTTTGAGGGGCTATTACAACACA
CAACATAAGATAATAGTATCATTTGGTTGTGGAAGGTCCAGTTTTGAGGGGCTA
TTACAACGGTCAGTGTCAGTCGGATTTTTCAAGAGGTTGTGGAAGGTCCAGTTT
TGAGGGGCTATTACAACATCTGGATAACGAATCTGGAGCTGAATTGTTGTGGAA
GGTCCAGTTTTGAGGGGCTATTACAACTTTTTT
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Appendix 3: Collections of species used for conservation analysis of C348 on
SHY2/IAA3 (Chapter IV)

1AA1:

HF583022.1 Schiedea hookeri

HF583021.1 Schiedea menziesii

HF583020.1 Schiedea mannii

HF583019.1 Schiedea kealiae

HF583018.1 Schiedea ligustrina

HF583017.1 Schiedea salicaria

HF583016.1 Schiedea spergulina

HF583015.1 Schiedea globosa

HF583014.1 Schiedea membranacea
HF583013.1 Schiedea adamantis

HF583012.1 Schiedea kaalae

AJ251791.1 Oryza sativa

NM_117536.4 Arabidopsis thaliana
AJ575098.1 Triticum aestivum

HM487597.1 Arabidopsis thaliana ecotype Tsu-1
HM487596.1 Arabidopsis thaliana ecotype Ts-1
HM487595.1 Arabidopsis thaliana ecotype Tamm-2
HM487594.1 Arabidopsis thaliana ecotype RRS-10
HM487593.1 Arabidopsis thaliana ecotype Rrs-7
HM487592.1 Arabidopsis thaliana ecotype NFA-8
HM487591.1 Arabidopsis thaliana ecotype Lov-5
HM487590.1 Arabidopsis thaliana ecotype LER-1
HM487589.1 Arabidopsis thaliana ecotype GOT-7
HM487588.1 Arabidopsis thaliana ecotype Est-1
HM487587.1 Arabidopsis thaliana ecotype Cvi-0
HM487586.1 Arabidopsis thaliana ecotype Br-0
HM487585.1 Arabidopsis thaliana ecotype Bor-4
KR076511.1 Boehmeria nivea
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KC632528.1 Pyrus pyrifolia

L15448.1 Arabidopsis thaliana

GU348523.2 Arabidopsis thaliana ecotype Shakdara
GU348522.2 Arabidopsis thaliana ecotype Fei-0
GU348521.2 Arabidopsis thaliana ecotype C24
GU348520.2 Arabidopsis thaliana ecotype Bur-0
GU348519.2 Arabidopsis thaliana ecotype Bay-0
HM122439.1 Malus x domestica

HM165183.1 Catharanthus roseus

AY556421.1 Elaeis guineensis

AY289600.1 Pinus taeda

AF373100.1 Populus tremula x Populus tremuloides
AJ563599.2 Oryza sativa Indica Group

1AA2:

AF022013.1 Solanum lycopersicum (Lycopersicon esculentum)
DQ900820.1 Cestrum elegans

MK738001.1 Diospyros kaki

MG198855.1 Betula platyphylla

JN379432.1 Solanum lycopersicum (Lycopersicon esculentum)
NM_001279113.2 Solanum lycopersicum (Lycopersicon esculentum)
AF027157.1 Arabidopsis thaliana

NM_113203.5 Arabidopsis thaliana

HM487610.1 Arabidopsis thaliana ecotype Tsu-1

HM487609.1 Arabidopsis thaliana ecotype Ts-1

HM487608.1 Arabidopsis thaliana ecotype Tamm-2
HM487607.1 Arabidopsis thaliana ecotype RRS-10
HM487606.1 Arabidopsis thaliana ecotype Rrs-7

HM487605.1 Arabidopsis thaliana ecotype NFA-8

HM487604.1 Arabidopsis thaliana ecotype Lov-5

HM487603.1 Arabidopsis thaliana ecotype LER-1

HM487602.1 Arabidopsis thaliana ecotype GOT-7
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HM487601.1 Arabidopsis thaliana ecotype Est-1
HMA487600.1 Arabidopsis thaliana ecotype Cvi-0
HM487599.1 Arabidopsis thaliana ecotype Br-0
HM487598.1 Arabidopsis thaliana ecotype Bor-4
NM_001293866.1 Malus domestica
NM_001338609.1 Arabidopsis thaliana
EU170472.1 Eucommia ulmoides
GUb594248.1 Solanum nigrum clone 105
KR076512.1 Boehmeria nivea
NM_001288102.1 Solanum tuberosum
L15449.1  Arabidopsis thaliana
GU348528.2 Arabidopsis thaliana ecotype Shakdara
GU348527.2 Arabidopsis thaliana ecotype Fei-0
GU348526.2 Arabidopsis thaliana ecotype C24
GU348525.2 Arabidopsis thaliana ecotype Bur-0
GU348524.2 Arabidopsis thaliana ecotype Bay-0
HM122443.1 Malus x domestica
AY289601.1 Pinus taeda
EF053504.1 Solanum tuberosum
AJ306825.1 Populus tremula x Populus tremuloides
XM_010324706.3 PREDICTED: Solanum lycopersicum
KR349178.1 Pinus massoniana

XM_024309463.2
XM_020318018.2
XM_024771831.2
XM_010049666.3
XM_033291407.1
XM_009146994.3
XM_033288345.1
XM_009110097.3
XM_012222006.3
XM_020372539.2

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

Rosa chinensis

Aegilops tauschii subsp. strangulata
Medicago truncatula

Eucalyptus grandis

Brassica rapa

Brassica rapa

Brassica rapa

Brassica rapa

Jatropha curcas

Cajanus cajan
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XM_020833666.2
XM_015717611.2
XM_002965368.2
XM_024589569.1
XM_024589568.1
XM_024603235.1
XM_010232266.3
XM_006406038.2
XM_006298617.2
XM_004968405.3
XM_022707190.1
XM_013807294.2
XM_013857323.2
XM_002457156.2
XM_021455159.1
XM_021455158.1
XM_002885496.2
XM_020556087.1
XM_007223342.2
XM_010468300.2
XM_010468298.2
XM_010468301.2
XM_019247288.1
XM_010667579.2
XM_010667580.1
XM_010649983.2
XM_002277762.4
XM_009411096.2
XM_009411095.2
XM_007012113.2
XM_013783043.1
XM_013770110.1

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

Dendrobium catenatum
Ricinus communis

Selaginella moellendorffii
Populus trichocarpa

Populus trichocarpa

Populus trichocarpa
Brachypodium distachyon
Eutrema salsugineum

Capsella rubella

Setaria italica

Brassica napus

Brassica napus

Brassica napus

Sorghum bicolor

Sorghum bicolor

Sorghum bicolor

Arabidopsis lyrata subsp. lyrata
Prunus persica

Prunus persica

Camelina sativa

Camelina sativa

Camelina sativa

Beta vulgaris subsp. vulgaris
Beta vulgaris subsp. vulgaris
Beta vulgaris subsp. vulgaris
Vitis vinifera

Vitis vinifera

Musa acuminata subsp. malaccensis
Musa acuminata subsp. malaccensis
Theobroma cacao

Brassica oleracea var. oleracea

Brassica oleracea var. Oleracea
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|IAA3:

AK227549.1

HM487636.1
HM487635.1
HM487634.1
HM487633.1
HM487632.1
HM487631.1
HM487630.1
HM487629.1
HM487628.1
HM487627.1
HM487626.1
HM487625.1
HM487624.1
GU348536.2

Arabidopsis thaliana

Arabidopsis thaliana ecotype Tsu-1
Arabidopsis thaliana ecotype Ts-1
Arabidopsis thaliana ecotype Tamm-2
Arabidopsis thaliana ecotype RRS-10
Arabidopsis thaliana ecotype Rrs-7
Arabidopsis thaliana ecotype NFA-8
Arabidopsis thaliana ecotype Lov-5
Arabidopsis thaliana ecotype LER-1
Arabidopsis thaliana ecotype GOT-7
Arabidopsis thaliana ecotype Est-1
Arabidopsis thaliana ecotype Cvi-0
Arabidopsis thaliana ecotype Br-0
Arabidopsis thaliana ecotype Bor-4

Arabidopsis thaliana ecotype C24

L 15450.1 Arabidopsis thaliana

GU348535.2
GU348538.1
GU348537.1
GU348534.1

XM_009115734.3

DQY900822.1
AF022015.1
KC477278.1
MT270133.1
MG198857.1
JN379434.1

NM_001279327.1

MG189377.1
GQ386948.1

Arabidopsis thaliana ecotype Bur-0
Arabidopsis thaliana ecotype Shakdara
Arabidopsis thaliana ecotype Fei-0
Arabidopsis thaliana ecotype Bay-0
PREDICTED: Brassica rapa

Cestrum elegans

Solanum lycopersicum (Lycopersicon esculentum)

Populus tomentosa
Galium aparine

Betula platyphylla

Solanum lycopersicum (Lycopersicon esculentum)

Malus domestica

Solanum tuberosum

170

Solanum lycopersicum (Lycopersicon esculentum)



KR076514.1
AY289603.1
DQ115325.1
AM943976.1

Boehmeria nivea

Pinus taeda

Solanum lycopersicum (Lycopersicon esculentum)

Populus alba

AJ306827.1
XM_041143795.1
XM_016865653.2
XM_016865652.2
XM_016873596.2
XM_006593924.4
XM_024330631.2
XM_013611519.3
XM_008802095.4
XM_008802094.4
XM_026807529.2
XM_026807528.2
XM_038847178.1
XM_012214368.3
XM_020543086.3
XM_020543084.3
XM_020543083.3
XM_020543082.3
XM_020543081.3
XM_008675721.4
XM_020543087.2
XM_020543085.2
XM_035069112.1
XM_034373245.1
XM_004134055.3
XM_004139186.3
XM_031117479.1
XM_029273245.1

Populus tremula x Populus tremuloides
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

: Juglans microcarpa x Juglans regia

- Gossypium hirsutum

Gossypium hirsutum
Gossypium hirsutum
Glycine max

Rosa chinensis
Medicago truncatula
Phoenix dactylifera
Phoenix dactylifera
Phoenix dactylifera
Phoenix dactylifera
Tripterygium wilfordii
Jatropha curcas
Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Populus alba
Prunus dulcis
Cucumis sativus
Cucumis sativus
Quercus lobata

Cajanus cajan
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XM_010911141.3
XM_010911134.3
XM_020833844.2
XM_020848885.2
XM_020848884.2
XM_015215652.2
XM_027477727.1
XM_004497955.3
XM_015774120.2
XM_002516978.3
XM_002320217.2
XM_010232494.3
XM_003567452.4
XM_010103991.2
XM_006403143.2
XM_010089457.2
XM_010088826.2
XM_024162922.1
XM_006281105.2
XM_022827024.1
XM_004967581.4
XM_013806290.2
XM_022692695.1
XM_022291559.1
XM_021966396.1
XM_021457703.1
XM_002455440.2
XM_016085127.2
XM_021015385.1
XM_006838806.3
XM_007226200.2
XM_020399433.1

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

Elaeis guineensis
Elaeis guineensis
Dendrobium catenatum
Dendrobium catenatum
Dendrobium catenatum
Solanum pennellii
Abrus precatorius
Cicer arietinum

Oryza sativa

Ricinus communis

Populus trichocarpa

Brachypodium distachyon
Brachypodium distachyon

Morus notabilis
Eutrema salsugineum
Morus notabilis
Morus notabilis
Morus notabilis
Capsella rubella
Setaria italica
Setaria italica
Brassica napus
Brassica napus
Momordica charantia
Prunus avium
Sorghum bicolor
Sorghum bicolor

Arachis duranensis

Arabidopsis lyrata subsp. lyrata

Amborella trichopoda
Prunus persica

Asparagus officinalis
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XM_020230192.1 PREDICTED: Ananas comosus
XM_020230191.1 PREDICTED: Ananas comosus
KU573103.1 Populus tomentosa clone Ptom.001G177400
XM_019398066. 1 PREDICTED: Nicotiana attenuata
XM_010483534.2 PREDICTED: Camelina sativa

XM _010676554.2 PREDICTED: Beta vulgaris subsp. vulgaris
XM _010695821.2 PREDICTED: Beta vulgaris subsp. vulgaris
XM_010443693.1 PREDICTED: Camelina sativa
XM_002281109.4 PREDICTED: Vitis vinifera
XM_018596772.1 PREDICTED: Raphanus sativus
XM_007030506.2 PREDICTED: Theobroma cacao
XM_007034891.2 PREDICTED: Theobroma cacao
XM_006355988.2 PREDICTED: Solanum tuberosum
XM_013751135.1 PREDICTED: Brassica oleracea var. oleracea
XM _004288378.2 PREDICTED: Fragaria vesca subsp. Vesca

1AA4:

AK227549.1 Arabidopsis thaliana

HM487636.1  Arabidopsis thaliana ecotype Tsu-1
HM487635.1  Arabidopsis thaliana ecotype Ts-1
HM487634.1  Arabidopsis thaliana ecotype Tamm-2
HM487633.1  Arabidopsis thaliana ecotype RRS-10
HM487632.1 Arabidopsis thaliana ecotype Rrs-7
HM487631.1  Arabidopsis thaliana ecotype NFA-8
HM487630.1  Arabidopsis thaliana ecotype Lov-5
HM487629.1  Arabidopsis thaliana ecotype LER-1
HM487628.1  Arabidopsis thaliana ecotype GOT-7
HM487627.1  Arabidopsis thaliana ecotype Est-1
HM487626.1  Arabidopsis thaliana ecotype Cvi-0
HM487625.1  Arabidopsis thaliana ecotype Br-0
HM487624.1  Arabidopsis thaliana ecotype Bor-4
GU348536.2  Arabidopsis thaliana ecotype C24
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L 15450.1 Arabidopsis thaliana

GU348535.2
GU348538.1
GU348537.1
GU348534.1

XM_009115734.3

DQY00822.1
AF022015.1
KC477278.1
MT270133.1
MG198857.1
JN379434.1

NM_001279327.1

MG189377.1
GQ386948.1
KR076514.1
AY289603.1

DQ115325.1
AM943976.1
AJ306827.1

Arabidopsis thaliana ecotype Bur-0

Arabidopsis thaliana ecotype Shakdara
Arabidopsis thaliana ecotype Fei-0

Arabidopsis thaliana ecotype Bay-0

PREDICTED: Brassica rapa

Cestrum elegans

Solanum lycopersicum (Lycopersicon esculentum)
Populus tomentosa

Galium aparine

Betula platyphylla

Solanum lycopersicum (Lycopersicon esculentum)
Solanum lycopersicum (Lycopersicon esculentum)
Malus domestica

Solanum tuberosum

Boehmeria nivea

Pinus taeda

Solanum lycopersicum (Lycopersicon esculentum)
Populus alba

Populus tremula x Populus tremuloides

XM_041143795.1
XM_016865653.2
XM_016865652.2
XM_016873596.2
XM_006593924.4
XM_024330631.2
XM_013611519.3
XM_008802095.4
XM_008802094.4
XM_026807529.2
XM_026807528.2
XM_038847178.1

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

Juglans microcarpa x Juglans regia
Gossypium hirsutum
Gossypium hirsutum
Gossypium hirsutum
Glycine max

Rosa chinensis
Medicago truncatula
Phoenix dactylifera
Phoenix dactylifera
Phoenix dactylifera
Phoenix dactylifera

Tripterygium wilfordii
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XM_012214368.3
XM_020543086.3
XM_020543084.3
XM_020543083.3
XM_020543082.3
XM_020543081.3
XM_008675721.4
XM_020543087.2
XM_020543085.2
XM_035069112.1
XM_034373245.1
XM_004134055.3
XM_004139186.3
XM_031117479.1
XM_029273245.1
XM_010911141.3
XM_010911134.3
XM_020833844.2
XM_020848885.2
XM_020848884.2
XM_015215652.2
XM_027477727.1
XM_004497955.3
XM_015774120.2
XM_002516978.3
XM_002320217.2
XM_010232494.3
XM_003567452.4
XM_010103991.2
XM_006403143.2
XM_010089457.2
XM_010088826.2

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

Jatropha curcas

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Populus alba

Prunus dulcis

Cucumis sativus
Cucumis sativus
Quercus lobata
Cajanus cajan

Elaeis guineensis
Elaeis guineensis
Dendrobium catenatum
Dendrobium catenatum
Dendrobium catenatum
Solanum pennellii
Abrus precatorius
Cicer arietinum

Oryza sativa

Ricinus communis

Populus trichocarpa

Brachypodium distachyon
Brachypodium distachyon

Morus notabilis
Eutrema salsugineum
Morus notabilis

Morus notabilis
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XM_024162922.1
XM_0062811056.2
XM_022827024.1
XM_004967581.4
XM_013806290.2
XM_022692695.1
XM_022291559.1
XM_021966396.1
XM_021457703.1
XM_002455440.2
XM_016085127.2
XM_021015385.1
XM_006838806.3
XM_007226200.2
XM_020399433.1
XM_020230192.1
XM_020230191.1
KU573103.1
XM_019398066.1
XM_010483534.2
XM_010676554.2
XM_010695821.2
XM_010443693.1
XM_002281109.4
XM_018596772.1
XM_007030506.2
XM_007034891.2
XM_006355988.2
XM_013751135.1
XM_004288378.2

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
Populus tomentosa clone Ptom.001G 177400
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

Morus notabilis
Capsella rubella
Setaria italica

Setaria italica
Brassica napus
Brassica napus
Momordica charantia
Prunus avium
Sorghum bicolor
Sorghum bicolor
Arachis duranensis
Arabidopsis lyrata subsp. lyrata
Amborella trichopoda
Prunus persica
Asparagus officinalis
Ananas comosus

Ananas comosus

Nicotiana attenuata
Camelina sativa

Beta vulgaris subsp. vulgaris
Beta vulgaris subsp. vulgaris
Camelina sativa

Vitis vinifera

Raphanus sativus
Theobroma cacao
Theobroma cacao

Solanum tuberosum
Brassica oleracea var. oleracea

Fragaria vesca subsp. vesca
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