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Abstract

In recent years, RNA-modifying enzymes have gained significant attention due to their
impact on critical RNA-based processes, and consequently human pathology. However,
identifying sites of modifications throughout the cellular transcriptome remains
challenging largely due to the lack of accurate and sensitive detection technologies.
Indeed, N?-methylation at guanosine such as N?-methylated guanosine (m?G) and N?,N?-
dimethylated guanosine (m%;G) are prevalent modifications found in RNA but their
functional studies are limited due to the absence of sequencing methods. While m?,G
creates termination during reverse transcription and can often be detected during
sequencing due to its high error signature, m?G does not affect Watson—Crick—Franklin
base pairing, and therefore cannot be distinguished from unmodified guanosine. Although
computational predictors exist for m?G, there are no direct sequencing method available.
In this thesis, the first chemistry-based sequencing method for N?-methylated guanosine
at the single-nucleotide level is described. This method takes advantage of the
chemoselectivity of photoredox chemistry to enable selective photo-oxidation of m?G and
m?2G in the presence of guanosine. Under blue light, using riboflavin as a photocatalyst
and selectfluor as an oxidant, N?>-methylated guanosines convert into their respective 2,5-
diamino-4H-imidazol-4-one (Iz) and 8-oxoguanine (OG) products resulting in different
mutation signature after sequencing. The limitation and scope of this method were further
evaluated and extended to explore other methylated guanosine types such as m'G and
generate the first database of high confidence m?G sites in multiple RNA types in human

lung cancer cell line.
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Chapter 1: Introduction to RNA Modifications



1.1. Nucleic acids

Nucleic acids such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are large
biomolecules that play crucial roles in living organisms. First introduced in the 1950s, the
central dogma proposed that RNA carries the genetic information coded in DNA to make
proteins. In reality, the biological functions of RNA expand far beyond serving as a
template for protein expression; these molecules are involved in a wide range of
processes including as ribozymes in protein synthesis and RNA splicing, or as
riboswitches in gene regulation. New functions and forms of RNA continue to be

discovered and contribute to the diverse nature of the RNA molecule. '

1.1.1. Basic structure of RNA

RNAs are polymers of nucleotides composed of a phosphate group, a 5-carbon ribose
sugar, and a nitrogenous base. There are four canonical nucleobases categorized into
two types of heterocyclic rings: purines (adenine (A), guanine (G)) and pyrimidines
(cytosine (C), uracil (U)). Phosphodiester bonds link the sugars and phosphates in the
chain. The 3’-hydroxyl group of one sugar connects a phosphate group to the 5’-hydroxyl
group of the next sugar in the polymer. An N-glycosidic bond links the nucleobase ring
nitrogen (N1 for pyrimidines and N9 for purines) to the 1’ carbon of the sugar ring (Eigure

1-1)." Several classes of RNA exist, of which the most relevant ones are discussed below.
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Figure 1-1: RNA structure showing 4 possible bases, ribose sugar, and phosphate
backbone.

1.1.2. Ribosomal RNA (rRNA)

Ribosomal ribonucleic acid (rRNA) is a non-coding RNA type that forms the catalytic
component of the ribosome essential for protein synthesis in all cells. In the nucleolus,
pre-rRNA is synthesized by RNA polymerase | from ribosomal DNA (rDNA). Pre-rRNA
undergoes processing to become a mature rRNA, which is used as a building block for
ribosomes. The eukaryotic ribosome consists of two subunits with four rRNA species and
more than 70 proteins. The large subunit (LSU) is composed of the 28S, the 5.8S, and
the 5S rRNAs whereas the small subunit (SSU) only has the 18S rRNA. Both subunits

are assembled to form the 80S unit and exported to the cytoplasm where they act as a



physical structure to push transfer RNA (tRNA) and messenger RNA (mRNA) through the

ribosome for translation (Eigure 1-2).2

1.1.3. Messenger RNA (mRNA)

Messenger ribonucleic acid (mMRNA) is a single-stranded RNA molecule containing a
sequence corresponding to a gene and read by the ribosome during protein synthesis.
Pre-mRNA is transcribed from DNA by RNA polymerase Il and undergoes a series of
processing simultaneously in the nucleus. Pre-mRNA goes through 5 capping and
polyadenylation at the 3’ end that protects the transcript and helps it get exported to the
cytoplasm. The introns on the pre-mRNA get spliced out by the spliceosome, leaving the
exons that encode for a protein. The mature mRNA containing genetic information in the

form of a nucleotide sequence is then exported to the cytoplasm for protein translation

(Figure 1-2).3

1.1.4. Transfer RNA (tRNA)

Transfer ribonucleic acid (tRNA) is a small non-coding RNA that decodes mRNA
sequence to synthesize proteins during translation. Pre-tRNA is transcribed from tRNA
genes by RNA polymerase Il in the nucleus that undergoes a series of tRNA maturation
processes such as the removal of 5-leaders and 3’-trailers sequences, nucleotide

modifications, tRNA splicing, and aminoacylation to become functional. Each mature



tRNA contains a three-nucleotide anticodon that encodes the amino acid it carries and is
complementary to a three-nucleotide codon on mRNA carrying a specific nucleotide
sequence for a protein. During protein translation, tRNA is carried into the ribosome by
elongation factors. If the tRNA anticodon is complementary to the mRNA codon, a peptide
bond is formed between the amino acid on the existing tRNA and that of the incoming
tRNA. The process continues to grow a polypeptide chain until a stop codon is read, which
terminates translation thereby releasing a protein (Figure 1-2). Moreover, the nucleotides
found on tRNA are heavily modified, which is important to its structure, as well as mRNA

translation, and will be discussed in more detail later in this chapter.*
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Figure 1-2: Transcription and translation processes involving several RNA species.
Courtesy: National Human Genome Research Institute

(https://lwww.cancer.gov/publications/dictionaries/cancer-terms/def/transcription).



1.1.5. MicroRNA (miRNA)

MicroRNA (miRNA) is a small non-coding RNA molecule ranging between 21-23
nucleotides involved in RNA silencing and regulation of gene expression. Most miRNAs
are synthesized from DNA by RNA polymerase IlI/IIl to form a hairpin loop primary miRNA
(pri-miRNA) capped at the 5 end, polyadenylated, and spliced post- or co-
transcriptionally. The primary miRNA undergoes processing into a precursor miRNA (pre-
miRNA) in the nucleus and is exported to the cytoplasm where it is cleaved into a mature
miRNA. miRNA base pairs with mRNA to silence or regulate gene expression by cleaving

the mRNA strand, shortening the poly-A tail, or reducing mRNA translation.®

1.1.6. Long non-coding RNAs (IncRNA)

Long non-coding RNA (IncRNA) consists of more than 200 nucleotides that regulate gene
expression by interacting mostly with mRNA, DNA, protein, and miRNA. Most IncRNA are
transcribed from intergenic region, intronic region, sense, and antisense transcripts by
RNA polymerases. Similar to mRNA, IncRNA undergoes 5’ capping, splicing, and
polyadenylation; however, it does not translate into proteins. The biogenesis of INcCRNA
depends on their localization and function. LnhcRNA can modify chromatin structure and

function, gene transcription, and affect RNA splicing, stability, and translation.®



1.2. Epitranscriptomic modifications

As discussed above, various types of RNA such as coding (mRNA) and non-coding
(rRNA, tRNA, miRNA, IncRNA, etc.) RNA exists in the human transcriptome. These
biological macromolecules can regulate their functions efficiently through chemical
modifications. In fact, over 170 modifications have been identified on RNA that arise from
a range of reactions such as methylation, deamination, thiolation, etc. All four RNA bases
(adenine, cytosine, guanine, uracil) as well as the ribose sugar can be modified mostly

for post-transcriptional regulation of gene expression.’

1.2.1. Brief history of RNA modifications

Pseudouridine (W) was the first RNA modification discovered in 1957 by Davis and Allen
who performed 2D chromatography on ribonucleic acids in Saccharomyces cerevisiae.®
Years later, the oligonucleotide composition of yeast tRNA22 was elucidated, confirming
10 more modifications.® By 1995, 93 modified nucleosides were identified mostly in rRNA
and tRNA; however, their function and prevalence were also unknown due to limitation in
the technology available at the time. In the past few decades, several tools such as LC-
MS/MS and next-generation sequencing (NGS) have characterized hundreds of
modifications across all RNA types and domains of life. A curated list of RNA
modifications, their location, modifying enzymes, and other important information are now
available in the MODOMICS database’. Some examples of RNA modifications are

illustrated in Table 1-1.10.11



Table 1-1: Examples of RNA modifications taken from MODOMICS database™®.
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1.2.2. Role of RNA modifications

Almost all RNA species contain many modified nucleotides essential for proper
functioning such as folding, transcription, splicing, translation, RNA transport, and
immune responses. While some of the modifications are always present at a specific
position on RNA, other modifications are dynamic and can occur as a response to stimuli,

such as heat shock or different toxins." The significance of epitranscriptomic modification
9



research is tightly associated with their ability to promote or inhibit the formation of cancer
by regulating cell proliferation, differentiation, invasion, migration, stemness, metabolism,
and drug resistance.” Table 1-2 shows a list of modifications along with their functions,

associated diseases, and methods to identify them.:12
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Table 1-2: Available information on selected RNA modifications.":12

Base Modification Code RNA classes Function Diseases Method
mRNA: regulates splicing events,
rRNA, tRNA, mRNA, induces mRNA instability, increases
. . . " DRS, HPLC, MeRIP-seq, MiCLIP,
N6-methyladenosine m6A miRNA, IncRNA, translation efficiency; INcRNA: plays a | Osteoporosis, HCC, obesity S DAR(T:-see N\trs‘\?e?se ic
GircRNA, snRNA role in INcRNA-mediated @ q
transcriptional repression
tRNA: required for wobble codon HCC: gastric. colorectal
. recognition; mMRNA: affects stability and ‘9 z ! LC-MS/MS, RT-PCR, DRS, de
Inosine tRNA, mRNA, miRNA esophageal, glioblastoma, and
localization, can change protein novo RNA-seq
lung cancers
sequence
ARM-seq, m1A-seq, m1A-quant-
A rRNA, tRNA, mRNA, rRNA: ensures proper folding; tRNA: HCC; cervical, pancreatic, | seq, m1A-ID-seq, m1A-seg-SS,
N1-methyladenosine m1A "
miRNA, IncRNA ensures stability and proper folding breast, and ovarian cancers m1A-seq-TGIRT, m1A-MAP,
m1A-IP-seq
. Increases translation fidelity and
N6-isopentenyladenosine I6A tRNA . Lung cancer PHAG assay, HPLC, Sanger
efficiency of cognate codons
Facilitates codon-anticodon pairing
N6-threonylcarbamoyladenosine 6A tRNA and prevents frameshift during protein MERFF, nz:iargﬁei;-:‘eienerauon, LC-MS/MS
synthesis
Myelomonocytic leukemia,
N1-methylinosine m1l tRNA Unknown large cell lung carcinoma, LC-MS/MS
breast cancer
- L m7G-MeRIP-seq, m7G-seq,
N7-methylguanosine m7G miRNA, FRNA, mRNA, {RNA: increases stablht.y, MANA HCC, PAD, lung cancer DRS, m7G-miCLIP-seq, m7G-
tRNA regulates translation
MaP-seq
tRNA: prevents frameshifting; mRNA: .
N1-methylguanosine miG tRNA, mRNA reduces translation fidelity in a position Several types of cancer PhOxi-seq, MRE;;EH' LC-MSMS,
and codon-dependent manner
| —
Wybutosine yw tRNA Stabilizes codon-anticodon Breast cancer, leukemia LC-MS/MS
interactions
Impacts coding potential of tRNA, T-cell lymphoma. colon
o Queuosine Q tRNA protects tRNA from ribonuclease yc;]ncer ! UHPLC-MS/MS, LC-MC
cleavage
tRNA: plays a role in tRNA folding and
prevents tRNA from adopting wrong
N2-methylguanosine m2G tRNA, mRNA, snRNA conformation. Involved in cell Prostate cancer PhOxi-seq, LC-MS/MS
proliferation, protein translation, pre-
mRNA splicing
tRNA: plays a role in tRNA folding and
prevents tRNA from adopting wrong
N2, N2-dimethylguanosine m22G tRNA, mRNA conformation; mRNA: reduces Intellectual disability PhOxi-seq, LC-MS/MS
translation fidelity in a position- and
codon-dependent manner
rRNA: ensures proper folding and
translational fidelity; tRNA: ensures
rRNA, tRNA, mRNA, proper folding and stability, ARID, DS, lactic acidosis, m6&C-RIP-seq, Aza-IP-seq,
N5-methylcytidine m5C eRNA, miRNA, IncRNA,|[ codon-anticodon interactions, and breast cancer, hypotonia miCLIP-seq, TAWO-seq, RNA-
viey! viral RNA, vault RNA, | reading frame maintenance; mRNA: /floppy baby syndrome, BisSeq, RBS-seq, DRS, MeRIP-
snRNA, snoRNA affects stability, translation rate; metabolism seq
IncRNA: affects stability; vault RNA:
required for biogenesis
5-formylcytidine f5C RNA Required for decoding of AUA codon in NA HPLC-MS
c mitochondria
tRNA: increases translation efficiency Laminopathy, Hutchinson-
N4-acetylcytidine ac4C rRNA, tRNA, mRNA and accuracy; mRNA: increases Gilford progeria syndrome, acRIP-seq, ac4C-seq
stability Malignant disease
AlkAniline-seq, HAC-seq, ARM-
Important for structural tuning, 6. DM-tRNA-seq, mim-tRNA-
N3-methylcytidine m3C tRNA ribosome binding, and translation Several types of cancer % a
fideli seq, hydro-tRNA-seq, LC-
ty MS/MS, NAIL-MS
o-thiocytidine s2C RNA Restricts recognition of certain wobble NA HPLC-MS
codons
rANA, IANA, mRNA, rRNA: plays a role in ribosome
- snRNA, MT-tRNA, - Play . Prostate, breast, and lung Pseudo-Seq, DRS, PSl-seq, CeU
Pseudouridine Y assembly and translational fidelity;
scaRNA, snoRNA, RNA: incr tabilit cancers; HCC Seq, Y-Seq, RBS-seq
MIRNA, lincRNA Increases stability
Dihydrouridine D | 1ANA mRNA, snoRNA |!TINA: destabilizes the structure; mRNA: Lung cancer D-seq, Rho-seq, LC-MS
U affects splicing and translation
. Ensures fidelity of translation, folding, | Breast cancer, systemic lupus
5-methyluridine m5U rRNA, tRNA and stability of ANA erythematosus FICC-Seq, iCLIP, miCLIP-seq
. Lo Required for decoding of the lysine
5-methylaminomethyl2-thiouridine | mnm5s2U RNA Lys3 NA LC-MS/MS
codons AAA and AAG by tRNA™*,y
5-methoxycarbonylmethyl-2-thiouridine | mcm5s2U tRNA Improves decoding efficiency of tRNA Several types of cancer HPLC-MS
N3-methyluridine m3U rRNA, tRNA Unknown Ovarian cancer MR-FISH, RP-HPLC
/ANA. tRNA. MARNA Nm increases the thermodynamic RiboMethSeq, 2D-TLC, Nm-seq,
All 2'-O-methylation Nm | N ’ stability of RNA:RNA base pairs and | Asthma, Alzheimer's disease |2'OMe-seq, RTL-P, DRS, RibOxi-

snRNA, snoRNA

stabilizes A-form RNA duplexes

seq
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NA—information not found. RNA classes: mMRNA—messenger RNA; rRNA—ribosomal
RNA; tRNA—transfer RNA; miRNA—microRNA; IncRNA—Iong noncoding RNA,;
snRNA—small nuclear RNA; snoRNA—small nucleolar RNA; eRNA—enhancer RNA;
Mt-tRNA—mitochondrial tRNA; scaRNA—small Cajal body-specific RNA; lincRNA—Ilong
intergenic noncoding RNA. Diseases: HCC—hepatocellular carcinoma; MERFF—
myoclonic epilepsy with ragged red fibers; PAD—peripheral arterial disease; ARID—
autosomal recessive forms of intellectual disabilities; DS—Dubowitz syndrome. Method:
LC-MS/MS—Iiquid chromatography—mass spectrometry; RP-HPLC—reversed-phase
liquid chromatography—tandem mass spectrometry; MeRIP-seq—methylated RNA
immunoprecipitation sequencing; miCLIP—methylated individual-nucleotide-resolution
crosslinking and immunoprecipitation; PA-m6A-seq—photo-crosslinking-assisted m6A
sequencing; mM6BA-CLIP—m6A individual-nucleotide-resolution  crosslinking and
immunoprecipitation; DRS—direct RNA-seq; PhOxi-seq—Photo-oxidative sequencing.

1.3. RNA modifying enzymes

Many RNA modifications can be reversibly installed by RNA-binding proteins (RBPs)
classified as writers (enzymes that deposit modification) and erasers (enzymes that
remove modification). Reader proteins (RBPs that bind to modification) can detect the
modification on RNA and execute their biological function. The dysregulation of RNA
modifications and RNA-modifying enzymes are involved in diseases such as cancer,

neurological diseases, and other disorders.'?

1.3.1. Writers

Methylation is one of the most common types of RNA modification and is catalyzed by
methyltransferases (MTs), which can be grouped into several subclasses. Class | is the

most common class of methyltransferases containing a Rossmann fold. MTs use this

12



tertiary structure for binding the co-substrate S-adenosyl-methionine (SAM), which acts
as an electrophilic methyl donor. Class || methyltransferases consist of a SET (suppressor
of variegation, enhancer of zeste and trithorax) domain and include histone
methyltransferases whereas class Il methyltransferases are membrane-associated

enzymes.'?

In 1994, METTL3 was the first methyltransferase-like gene family member to be identified,
which transfers a methyl group from SAM to the N position of the adenosine base forming
mPA together with other writers and co-factors such as METTL14, Wilms Tumor 1
Associated Protein (WTAP), KIAA1429, RNA Binding Motif Protein 15 (RBM15), and zinc
finger CCCH domain-containing protein 13 (ZC3H13)." METTL3 is the catalytic subunit
that plays a role in cancer as an oncogene or tumor suppressor by installing m®A on
critical transcripts. METTL3 is upregulated in liver cancer, more specifically,
hepatocellular carcinoma (HCC) resulting in poor patient survival. METTL3 deposits m®A
on a tumor suppressor gene called suppressor of cytokine signaling 2 (SOCS2)
promoting its mMRNA degradation resulting in metastasis of HCC. Conversely, METTL3
knockdown in glioblastoma stem cells (GSC) leads to tumor progression suggesting that

m®A on mRNA is involved in regulating self-renewal and tumorigenesis in GSC."®

Many other RNA methyltransferases exist such as NSUN, MePCE, BCDIN3D, ALKBHS,
RNMT, and TRMT. Moreover, different writers recognize different sites and RNA
structures to install modifications. For example, METTL3/14 complex methylate
adenosine within the motif RRACH (R stands for G, A or U; H stands for U, A or C) in

MRNA, while METTL16 prefers the UAC(m6A)GAGAA sequence in the stem-loop of U6
13



small nuclear RNA. Other non-methyltransferase writers include DKC1, NAT10, and
TRIT1, which are responsible for installing pseudouridine (¥), N*-acetylcytosine (ac*C),

and Nb-isopentenyladenosine (I°A), respectively.'?

1.3.2. Erasers

In 2011, the first m®A demethylase, fat mass and obesity-associated protein (FTO) was
found to efficiently demethylate mPA in both DNA and RNA. FTO belongs to the ALKB
family of Fe(ll)/a-ketoglutarate—dependent dioxygenases and binds preferentially to
introns of pre-mRNA. FTO can demethylate other methylated RNA substrates such as
méAm affecting mRNA splicing, stability, decay, and translation.'® Found mostly in the
nucleus and cytoplasm, FTO regulates fatty acid mobilization in fat cells and consequently
controls body weight. Indeed, a deficiency in FTO leads to an increase in mPA level in
Angptl4 (angiopoietin-like protein 4) transcripts, which, in turn, lowers Angptl4 protein
expression level. Angptl4 is known to regulate glucose homeostasis, lipid metabolism,
and insulin sensitivity. As a result, low expression of Angptl4 leads to an increase in fatty

acid deposition in adipose tissues and eventually obesity."”

AlkB homolog 5 (ALKBH5) is the second type of m°A demethylase, which displays
comparable demethylation activity to FTO. However, ALKBH5 prefers demethylating m®A
in a consensus sequence rather than other methylated RNA substrates. ALKBHS is found
in the nucleus and its depletion results in reduced mRNA levels in the cell indicating its

role in regulating mRNA nuclear export. ALKBHS is expressed in most tissues and is
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dysregulated in several types of human cancers and non-cancers. For example, ALKBH5
is elevated in non-small cell lung cancer (NSCLC) and the knockdown of ALKBHS
increased m®A level in FOXM1 (Forkhead Box M1), which controls cell proliferation. This,
in turn, stops the proliferation and invasion of lung adenocarcinoma cells suggesting that

ALKBHS was upregulated in NSCLC cells.

ALKBHS5 is also associated with non-cancers such as reproductive system diseases. A
deficiency in ALKBHS5 leads to an increase in m®A level in mRNA, which is connected to
compromised spermatogenesis in male mice thus affecting RNA metabolism. Moreover,
depletion of ALKBHS5 leads to infertility in male mice due to abnormal splicing and shorter
transcript production.'® There are other erasers such as ALKBH3 and H29K that remove
N'-methyladenosine (m'A) and N’-methylguanosine (m’G), respectively. Erasers of
several modifications are either unknown or do not exist due to an irreversible

modification process."®

1.3.3. Readers

Epitranscriptome modifications can be recognized by proteins called readers producing
a cellular response. The most well-studied family of readers, YT521-B homology (YTH)
domain proteins, reads mfA by recognizing RRACH sequences and fulfills different
functions depending on its location. If the mRNA is found in the nucleus, YTH Né&-

Methyladenosine RNA Binding Protein C1 (YTHDC1) binds m®A and helps exon selection
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during splicing. As for mRNA in the cytoplasm, YTH N®-Methyladenosine RNA Binding

Protein F1 (YTHDF1) binds m®A to increase translation efficiency.

Another reader, YTH N68-Methyladenosine RNA Binding Protein F2 (YTHDF2) binds to
mPA and recruits Carbon Catabolite Repression—Negative On TATA-less (CCR4-NOT)
to deadenylate and further degrade m8A mRNA. Moreover, mfA can also be read by the
Insulin-like growth factor 2 mRNA-binding proteins (IGF2BP) family of proteins increasing
mRNA stability. YTH domain proteins such as YTHDF1-3 and YTHDC1 can also read N'-
methyladenosine (m'A). N®-methylcytidine (m°C) can be read by Aly/REF Export Factor
(ALYREF) to promote nuclear export and Y-box-binding protein 1 (YBX1) in the
cytoplasm, which recruits ELAV like RNA binding protein 1 (ELAVL1) to improve mRNA

stability.121®

Due to their governance of root cellular processes, dysregulation of epitranscriptome
readers is associated with diseases. Recent studies have found that YTHDF2 is
upregulated in triple-negative breast cancer (TNBC). YTHDF2 negatively regulates cell
death by promoting the degradation of Serine Protease 23 (Prss23) mRNA, a gene
involved in translation. Knocking-down YTHDF2 increases Prss23 expression level and
protein translation triggering cancer cell death. In chondrocytes, YTHDF1 also negatively
regulates cell death by stabilizing mMRNA of anti-apoptotic B-cell lymphoma 2 (Bcl-2).%°

Readers of several other modifications remain unknown.
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1.4. Tools to map nucleotide modifications

Throughout the past few decades, multiple techniques to detect, quantify, and map the
precise location of RNA modifications have been developed as a means to further
understand their biological role across the transcriptome. Each modification has unique
properties that have been explored for their detection but also contributed to the
limitations of their respective methods. The existing detection approach can be divided
into several groups such as antibody (Ab)-based techniques, natural or induced reverse-
transcriptase (RT) signatures, and chemistry-based methods. These techniques can be

used in parallel to validate one another.

1.4.1. Antibody-based methods

The first m8A-Ab-based enrichment method was developed in the 1980s2' but only started
being revolutionary when it was coupled to deep sequencing. The mapping of m®A in
human transcriptome by methylated RNA immunoprecipitation (meRIP)-seq
immunocapturing and sequencing remains one of the most frequently used technologies
in the field (Figure 1-3). The basic principle of this method relies on immunocapturing
RNA fragments containing the modification of interest followed by elution of modification-
enriched RNA by either free modified nucleoside competition or digestion with ionic
detergent and proteinase K. The eluted enriched RNA is then subjected to high-

throughput sequencing for analysis.?? Initially, the resolution of meRIP-seq was limited to
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100-200 nt where the exact location is unknown. For peak calling, bioinformatic pipelines

are used to look for read accumulation in immunoprecipitated RNA regions.

The resolution of meRIP-seq was further improved by combining it with Ab cross-linking,
which allowed for single-nucleotide resolution due to the analysis of reverse transcriptase
(RT)-stops and/or misincorporations. This method is called methylation individual-
nucleotide resolution UV cross-linking and immunoprecipitation (miCLIP) (Eigure 1-3)
adapted from cross-linking immunoprecipitation (CLIP). miCLIP uses an antibody for m°C
writer protein to identify mSC modification in non-coding RNA.2 Antibody-related
techniques have also been applied to detect modifications such as ac*C, m'A, and m’G.
However, these antibody-based methods have inherent disadvantages including
unpredictable specificity of the antibody due to batch-to-batch variability and non-specific

binding of RNA to antibody.

In addition, these antibody-based techniques are not quantitative since the signals
obtained from peak enrichment do not correspond linearly to the modification level. A
quantification method, mPA-level and isoform-characterization sequencing (m®A-LAIC-
seq), that spikes in mMRNA standard allowing for a more precise approximation of m®A
stoichiometry was later introduced. Combining antibody-based methods with
enzyme/chemical treatments to induce reverse-transcriptase (RT)-stops and/or

misincorporation can improve detection resolution or lead to a more robust approach.?425
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Figure 1-3: Schematic diagram of antibody-based sequencing technologies: MeRIP-
seq/m6A-seq and m6A-CLIP-seq/miCLIP. %6

1.4.2. Natural reverse-transcriptase (RT) signature-based methods

Some modified nucleotides are not recognized by reverse transcriptases due to steric
hindrance and thus can no longer base pair with canonical bases. As a result, some
modifications cause reverse transcriptases to misincorporate a non-Watson-Crick
compatible deoxynucleotide triphosphate (dNTP), others can cause reverse
transcriptases to stop during complementary DNA (cDNA) synthesis. These create an RT
signature depending on the type of modification, reaction conditions, and reverse

transcriptase, which can be useful for identifying modification sites.?*
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A computational technique, high-throughput annotation of modified ribonucleotides
(HAMR), was developed to detect sequence patterns of modifications after reverse
transcription at the single nucleotide level. This method can both locate modifications
transcriptome-wide and distinguish classes of modifications. However, if the mutation
signatures of different modifications are too similar, they must be merged to be resolved.
For instance, two sets of adenosine modifications were grouped into combined classes
m'A|m’'ljms?i®A and ifA|t®A, which could be distinguished with a 98 % accuracy.
Conversely, guanosine modification types m'G and m?G|m?.G could only be predicted
with a 78 % accuracy. Lower accuracy is observed since both m'G and m?G strongly
favor the incorporation of A with varying amounts of G and T. Despite the limitations of
this software, HAMR identified potential m3C, m'A, m'l, m%G, and m'G sites as well as

validated three m3C sites in human tRNAs.?”

Some modifications can still form Watson-Crick base-pairing with canonical bases during
reverse transcription remaining RT-silent. However, certain conditions were found to
make the RT signature visible. In the case of 2’-O-methylations, reduced dNTP
concentrations during primer extension create RT-stops used to map those modifications
in rRNAs. As for m®A, substituting O4 of thymidine with selenium (4Se-dTTP) induces RT-
stops resulting in a change in signature. Combined with FTO demethylation, another m®A
detection strategy with single nucleotide resolution was developed.?® Although RT-based
detection methods can be useful for certain modifications, introducing an RT signature
can be sequence dependent and is not always reliable due to reverse transcriptase

bias.?429
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1.4.3. Engineered reverse-transcriptase (RT) signature-based

methods

Instead of exploiting reaction conditions to produce RT signatures or relying on
modifications to induce RT-stops, RT enzymes can be engineered to display sensitivity to
specific modifications. For example, KlenTag DNA polymerase was generated to show
preference for 2’-O-methylations in RNA at normal dNTP concentrations but has yet to be
used with high-throughput RNA sequencing.®® Additionally, another KlenTaq DNA
polymerase mutant was developed to increase misincorporation at mPA sites, which is

also awaiting transcriptome-wide analysis.'

Known demethylase enzymes such as the AIkB family, can be used to remove methyl
groups. Indeed, AlkB-facilitated RNA methylation sequencing (ARM-seq), uses
Escherichia coli AIkB to demethylate m'A, m3C, and m'G in tRNAs, thereby removing RT-
blocking modifications.®? Wild-type AlkB was reported to efficiently demethylate m'A and
m3C but works poorly on m'G. To overcome this, another sequencing method, DM-tRNA-
Seq added an AlkB D135S mutant of improved activity to efficiently convert m'G to G.33
N?,N?-dimethylguanosine (m?.G) was found to create stops upon demethylase treatment,
therefore AIkB D135S/L118V mutant was generated to partially demethylate m2G into
m?G, which can be read as unmodified G by reverse transcriptases for sequencing

purposes.3*

In addition to eraser proteins, readers can also be explored to target modified nucleotides.

In fact, deamination adjacent to RNA modification targets (DART-seq) fuses cytidine
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deaminase APOBEC1 to mfA-binding YTH domain resulting in C-to-U deamination at
sites adjacent to m®A residues, which appear as C-to-T mismatches in sequencing data.35
Some RNA exonucleases can bind modified nucleotides instead of cleaving them under
certain conditions such as Escherichia coli Endonuclease V (eEndoV) binds inosine in
the presence of Ca?*. Endonuclease V immunoprecipitation enrichment sequencing
(EndoVIPER-seq) was developed to enrich A-to-l editing transcripts for sequencing.3®
Lastly, in RNA-endoribonuclease-facilitated sequencing (m®A-REF-seq)/MAZTER-seq,
the cleaving properties of E. coli RNA endoribonuclease MazF target only the
unmethylated 5'-ACA-3' motif allowing for m8A detection.3” Enzymes provide an additional

outlet for developing novel sequencing methods to identify modifications.

1.4.4. Chemistry-based methods

An alternative to antibody-based or enzyme-based detection methods is taking advantage
of the physical properties of certain modifications. The chosen reagent selectively reacts
with either the modified or unmodified nucleotide. Hence, chemical treatment prior to RT
reaction can modulate the incorporation of ANTP or RT-stops during cDNA synthesis. One
of the most common applications of this strategy is bisulfite sequencing (BS-seq), which
involves Michael addition to deaminate cytosine to uracil leaving m°C unreacted (Figure
1-4). This method is suitable for quantification and single-nucleotide mapping of m°C in

tRNA and rRNA.38
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Figure 1-4: Schematic diagram of bisulfite reaction chemoselectively deaminates C into
U, leaving m°C unreacted. a) Unmodified C is read as T and b) m°C is read as C after
bisulfite treatment.

Inspired by the concept of bisulfite sequencing, our lab developed an m®A sequencing
method, nitrite-sequencing, to chemoselectively deaminate adenine leaving m®A in the
nitrosamine form. Under mild aqueous acidic conditions, nitrite forms a nitrosonium ion.
The aromatic amine of nucleotides attacks the highly reactive nitrosonium ion to form
nitrosamine. The primary aromatic amine of adenine can dehydrate into the diazonium
ion whereas the secondary aromatic amine like m®A lacks the N-H needed for
dehydration. The diazonium ion of adenine subsequently hydrolyzes into inosine (Eigure
1-5). As a result, the nitrite reaction is selective for the primary exocyclic amine of
unmodified bases over the secondary exocyclic amine of methylated bases. Polymerases

can read | as G resulting in an A — G transition and the nitrosamine m®A is read as A,
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which can be distinguished during high-throughput DNA sequencing.®® Shortly after,
another lab applied nitrite sequencing to the mammalian transcriptome and developed

GLORI-seq (glyoxal and nitrite-mediated deamination of unmethylated adenosines).4°
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N
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N
NaN02 AcOH
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Adenosine Nltrosamme Diazonium ion Inosine
Read as “G”
b 0

“NH
.y ¢
e N “ T N “
N & N
o

meA Nitrosamine
Read as “A”

Figure 1-5: Nitrite reaction selectively deaminates adenosine into inosine
leaving m®A in its nitrosamine form. a) Unmodified A is read as G and b)

m®A is read as A after nitrite treatment.

There are other sequencing methods that exploit the chemical reactivity of modified or
unmodified nucleobases to explore methylomes. Thiol(SH)-linked alkylation for the
metabolic sequencing of RNA (SLAM-seq) detects 4-thiouridine (s*U) by alkylation with
iodoacetamide thereby converting s*U into C.4' This method was used to identify s*U in

tRNAs and mostly in metabolic labeling experiments. Furthermore, polymerases and
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reverse transcriptases can read inosine as guanosine and do not cause RT-stops.
Therefore, inosine chemical erasing sequencing (ICE-seq) was developed to identify
inosine by alkylation with acrylonitrile thereby causing RT-arrest. This technique is reliable
for identifying inosines transcriptome-wide.*? Lastly, tRNA reduction and cleavage
sequencing (TRAC-seq) allows the reduction of m’G with NaBHs making it prone to
aniline-induced cleavage and is identified as RT-stops. This approach provides single-
nucleotide profiling of m’G modification sites in tRNA.#3 Each of these chemical reaction-
based methods has its challenges and limitations that may or may not be resolved by

coupling them with other experimental methods.

1.5. Importance of studying modifications

As discussed earlier, epitranscriptome modifications are essential for the proper
functioning of all living organisms. Both RNA modifications and RNA modifying enzymes
can become dysregulated causing a plethora of diseases ranging from disorders to
cancers. These diseases occur mainly through the downregulation of suppressor gene or
the activation of genes that contribute to those diseases.** Cancer being one of the
deadliest types of diseases, also encounters challenges such as drug resistance, limited

therapeutic success, and toxic side effects from treatments.

Many anti-cancer strategies are continuously emerging, especially gene therapy that can
regulate the expression of specific genes to treat those life-threatening diseases. Gene

expression consists of several steps that can be regulated such as transcription, RNA
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splicing, translation, and post-translational modification. Most of them involve the help of
RNA, which is a crucial component of the central dogma. Detecting and identifying the
exact location of RNA modifications lays the foundation for understanding their ‘writing-
erasing-reading’ mechanism in diseases thus highlighting their potential in the diagnosis,

treatment, and prevention of those diseases.*®

The structures of many RNA modifying enzymes have been solved leaving a potential
window for drug design. Indeed, small molecule inhibitors or activators have been
developed for mostly mfA-related enzymes such as METTL3, FTO, and ALKBH5 that
show promising properties for developing drugs in the future.*® Other anti-tumor strategies
use RNA as therapeutic targets such as siRNA-mediated RNA interference (RNAi), RNA-

targeted small molecules, and covalent chemical modification of RNAs.4°

1.6. Aim of PhD thesis

The limited availability of antibodies and challenges of engineering enzymes for reverse
transcriptase signature-based detection methods still impede the functional studies of
RNA modifications. Due to the limited availability of sequencing methods for methylated
guanines, this thesis aims to take advantage of the chemical properties of guanine and
its modifications to develop a novel chemistry-based sequencing method at the single-

nucleotide level.
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Chapter 2: PhOxi-Seq: Single-Nucleotide Resolution
Sequencing of N>-Methylation at Guanosine in RNA by

Photoredox Catalysis'

' Reprinted with permission from J. Am. Chem. Soc. 2022, 144, 13, 5723-5727. Copyright 2022 American

Chemical Society.
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My contribution to the article was: (i) planning all the experiments, (ii) performing all
experiments, (iii) interpreting the results, and (iv) preparing some of the figures. My lab
mentor, Yasaman Mahdavi-Amiri, was working on a different project involving the blue
light reaction and the insights of the optimization steps were used to develop PhOxi-seq.
Christopher Korfmann, an undergraduate student in our lab, wrote the script to analyze

the sequencing data.
21. Abstract

Chemical modifications regulate the fate and function of cellular RNAs. Newly developed
sequencing methods have allowed a deeper understanding of the biological role of RNA
modifications; however, the vast majority of post-transcriptional modifications lack a well-
defined sequencing method. Here, | report a photo-oxidative sequencing (PhOxi-seq)
approach for guanosine N?-methylation, a common methylation mark seen in N?-
methylguanosine (m?G) and N?,N?-dimethylguanosine (m?%G). Using visible light-
mediated organic photoredox catalysis, m?G and m?;G are chemoselectively oxidized in
the presence of canonical RNA nucleosides, which results in a strong mutation signature
observed during sequencing. PhOxi-seq was demonstrated on various tRNAs and rRNA
to reveal N?-methylation with excellent response and markedly improved read-through at

m2,G sites.
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2.2. Introduction

Post-transcriptional modifications can have profound effects on the function and
processing of RNA.#” Not surprisingly, their dysregulation has been implicated in
numerous human diseases,*® especially various types of cancer.*® With over 160 known
RNA modifications identified across all life,3° deciphering their biological roles remains a
significant unmet challenge. Sequencing technologies that can resolve RNA modifications
at single-nucleotide resolution have been instrumental to functional studies.>' Indeed,
methods that have mapped the locations of N®-methyladenosine (mfA), 5-methylcytidine
(m5C), inosine (I), pseudouridine (%), N'-methyladenosine (m'A), and 5-
hydroxylmethylcytidine (hm®°C) have provided deeper insights into their impact on RNA
function and metabolism®? and found application to disease diagnostics, prognostics, and
epigenetic therapy.>® Nevertheless, most post-transcriptional modifications lack a defined

sequencing approach, which has hampered their functional elucidation.

N?-Methylguanosine (m?G) and N?,N?-dimethylguanosine (m?%:G) are prevalent
modifications in RNA (Figure 2-1). While mostly believed to be involved in structural tuning
of RNAs,** recent reports have begun to shed light on the biological significance of N?-
methylation of guanosine. Studies have shown that upregulated m?G in sperm tRNA-
derived small RNAs (tsRNAs) is an epigenetic factor that mediates intergenerational
inheritance of metabolic diseases.>>% Furthermore, TRMT11, an m2G writer, has been
implicated in poor prognosis in prostate cancer, while mutations in TRMT1, an m%G
writer, have been tied to aberrant human brain development®” and autosomal-recessive

intellectual disabilities.>® Developing robust functional studies on N?-methylation of
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guanosine has been limited by the absence of sequencing methods. While m?,G blocks
Watson—-Crick—Franklin base-pairing and can often be detected during sequencing due
to its high error signature,>® only computational predictors exist for m?2G,°-62 with no direct
sequencing method available. The development of a robust single-nucleotide resolution
sequencing method for N?-methylation of guanosine in RNAs is expected to enable a

better understanding of these modifications in human health and disease.
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OH OH OH OH OH OH
guanosine (G) N2-methylguanosine (m2G) N2,N2-dimethylguanosine (m?%,G)

Figure 2-1: Guanosine and its N?>-methylated derivatives.

Guanosine is the most readily oxidizable nucleoside; its photo-oxidation in nucleic acids
is known to occur by single electron oxidation to generate the guanine radical cation
(Figure 2-2a).%® This species can degrade via two oxidative pathways, and the outcome
is governed largely by the nucleic acid environment.®* In single-stranded or double-
stranded forms, guanine is oxidized to 2,5-diamino-4H-imidazol-4-one (1z), while in G-
quadruplex form, guanine is preferentially oxidized to 8-oxoguanine (OG). Both Iz and
OG are mutagenic forms of guanine. OG is known to base-pair with adenine, resulting in
a G — T transversion, while 1z is known to base-pair with guanine, resultingina G — C

transversion (Figure 2-2a).%5 With these oxidation outcomes in mind and inspired by
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examples of visible light photoredox chemistry on RNA®¢:6” and DNA %8 | sought to explore

the prospect of visible light photoredox catalysis as a means to detect N?>-methylation at

guanosine sites by oxidative mutagenesis (Figure 2-2b).
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Figure 2-2: a) Oxidation pathway of guanosine into mutagenic derivatives

along with their base-pairing partners (inset). b) Potential products formed

during the photo-oxidation of N?-methylated guanosine derivatives.
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2.3. Results and discussion

2.3.1. Photocatalysis reaction with N>-methylated guanosines

| first determined the oxidation potential of N?-methylated guanosines compared with
unmodified guanosine using cyclic voltammetry (Figure 2-3). The results showed that the
oxidation potential of both m%.G and m?G were approximately 0.1-0.2 V below that of
guanosine, providing a potential window for chemoselective oxidation. Using m%G as a
model, | surveyed various photoredox conditions that were previously shown to be RNA
compatible and found that riboflavin under blue light as a photocatalyst and Selectfluor

as an oxidant were optimal.
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Figure 2-3: Cyclic voltammograms of
guanosine (black line), m°G (blue
line), and m2G (red line) in 1 M KCI.
Scan rate, 10 mV/s versus Ag/AgCl.
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Under these conditions, full conversion of m?,G occurred within 2 h, resulting in the
formation of the corresponding m?-1z, which was confirmed by mass spectrometry

(Figure 2-4a-b). Formation of m?-OG or N?-demethylated by-products were not

observed. On the other hand, the oxidation product of m?G is unstable, and isolation of
the pure product proved challenging by HPLC. Therefore, crude LC-MS analysis of

photoredox-treated m?G was performed showing conversion into m?-lz (Figure 2-5).
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Figure 2-4: a) HPLC analysis showing conversion of m?;G into m?-Iz within 2 hrs; note
that peaks less than 10 minutes are by-products of the photoredox reagents and
catalyst. b) Analysis by both mass spectrometry and MS/MS confirms m?,-1z product.
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Figure 2-5: Crude LC-MS analysis in negative-ESI mode of photooxidation of m?G into

m?|z. Conditions: 0.5 mL/min 5 mM ammonium acetate with 5% MeOH, InfinityLab
Poroshell 120 EC-C18 (4.6 x 100 mm, 4 ym) on an Agilent single quadrupole LC/MSD,

frag = 200.

2.3.2. Photocatalysis reaction with unmodified RNA

Riboflavin exhibits an excited state reduction potential of ET'= 1.37 V vs SCE, which could

oxidize guanosine in RNA at low levels, potentially causing issues in some sequencing

applications. Indeed, guanosine oxidation with riboflavin with higher energy (UVA)

photoexcitation has been observed.®® To test if this undesired process was occurring in

our system, | subjected an RNA oligomer to the photoredox conditions and analyzed the
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nucleoside composition by HPLC after nuclease digestion; no guanosine oxidation
products were identified (Figure 2-6a). To confirm that guanosine was not undergoing
undesired oxidation in more complex RNAs, | performed sequencing to analyze the
changes in error at unmodified bases in yeast tRNAC®Yyyc after photoredox reaction
(Eigure 2-6b). No marked change in error was observed during sequencing analysis in
any canonical nucleobase group, supporting the conclusion that conversion of guanosine

into OG or other mutagenic forms was not observed under the tested conditions.
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Figure 2-6: a) HPLC analysis of digested unmethylated RNA before (control) and after
(PC) photocatalysis reaction showing no guanosine oxidation products. b) Comparative
error analysis of unmodified nucleobases of tRNA®Yyyc when subjected to photo-

oxidation. Control represents direct sequencing without photoredox catalysis.
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2.3.3. Stability test of RNA under optimized photocatalysis reaction
condition
| also examined the stability of RNA under the optimized photoredox conditions and found

that a phosphate buffer was essential to minimize RNA degradation, with unbuffered

aqueous media resulting in rapid decomposition of the RNA (Figure 2-7, Table 2-1).

Analysis by RT-gPCR demonstrated only 4 % loss of RNA compared to the no reaction

control (Figure 2-8).

a No light e No light X
tRNA™ control 15 mins 1h 2h 4h (RNA control 15 mins 1h

No light No light
IRNA™ control 15 mins 1h 2h 4h (RNA™  control 15 mins 1h 2h 4h
el m e _

Figure 2-7: Stability of tRNAP"égaa was tested under photoredox conditions in a)

unbuffered aqueous media (nuclease-free water only) and b) phosphate buffer.
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Photocatalysis reaction was performed with tRNAP"®gaa using various photocatalysts

such as riboflavin (Rf) (Alfa Aesar, A11764) under blue and green light, 9-mesityl-10-

methylacridinium tetrafluoroborate (mmat) (Sigma-Aldrich, 794171) under blue light,
Tris(2,2’bipyridyl)dichlororuthenium(ll) hexahydrate (Ru) (Sigma-Aldrich, 544981) under
blue light, methylene blue hydrate (MBH) (Sigma-Aldrich, 66720) under red light, Rose

Bengal (RB) (SigmaAldrich, 330000) under green light, Eosin Y (EY) (Sigma-Aldrich,

E4009) under green light, and Eosin Y disodium salt (EYDS) (Sigma-Aldrich, E6003)

under green light.

Table 2-1: Optimisation of photooxidation of m?;G.

Photocatalyst | Light Conditions | Conversion | Product RNA
source degradation?

Riboflavin Blue LED | Optimized® | 100% m?22-1z No

None Blue LED | Optimized | 0% N/A No

Riboflavin Dark Optimized | 0% N/A No

Riboflavin Blue LED | No 30% m?s-Iz No

selectfluor

Riboflavin Blue LED | Water 100% multiple Yes

Riboflavin Green Optimized | 100% m?s-Iz Yes
LED

mmat Blue LED | Water 95% multiple Yes

38




mmat Blue LED | Optimized | 0% N/A No

Ru Blue LED | Optimized | 0% N/A Yes

MBH Red LED | Optimized | 100% multiple Yes

RB Green Optimized | 90% multiple No
LED

EY Green Optimized | 100% multiple No
LED

EYDS Green Optimized | 100% multiple No
LED

adetermined by time course experiment using polyacrylamide electrophoresis. Performed
on 10 pmol yeast tRNAP"®gaa, 13.2 nmol of Selectfluor, 0.6 nmol of photocatalyst in 30 pL
of 0.1 M phosphate buffer pH 7. See Figure 2-7 for details. °Optimized conditions: 6 nmol
m?2G, 6 nmol photocatalyst, 13.2 nmol of riboflavin, in 0.1 M phosphate buffer pH 7.
Abbreviations: 9-mesityl-10-methylacridinium tetrafluoroborate (mmat); Tris(2,2'-
bipyridyl)dichlororuthenium(ll) hexahydrate (Ru); methylene blue hydrate (MBH); Rose
Bengal (RB); Eosin Y (EY) ; Eosin Y disodium salt (EYDS).
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Figure 2-8: RT-qPCR graph showing 4% loss of RNA after reaction

2.3.4. Evaluation of photo-oxidative sequencing of N?-methylated

guanosine sites in RNA

Having optimized the photoredox conditions and demonstrated its compatibility with RNA,
| sought to examine its chemoselectivity in photo-oxidative sequencing (PhOxi-seq) of
m?G and m?G in various RNA contexts. | first tested PhOxi-seq on yeast tRNANSyyy,
which contains an m?G and an m%G at positions 10 and 26, respectively. tRNA was
prepared using the YAMAT-seq’® workflow to remove the charged amino acids and install
sequencing adapters to the no reaction control and photoredox-treated samples.
Following high-throughput sequencing, sequences were trimmed for length and quality
and aligned to the reference sequence using Bowtie 17" to enable induced single-
nucleotide polymorphism (SNP) calling.”? The error at each expected guanosine position
was plotted for the control and treated samples (Figure 2-9a). Consistent with our

hypothesis, m?G1o was readily detected with a marked increase in error to 88%. However,
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surprisingly, m?,Ggs experienced a precipitous drop in error from 85% to 16% (Figure 2-
9b).
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Figure 2-9: a) Workflow for PhOxi-seq for detection of m?G and m?G in RNA. b)
Observed error at each guanosine position in yeast tRNAYYSyyu before (blue) and after

(red) photo-oxidation.

Comparing the error distribution at m2G1o before and after photo-oxidation revealed

mostly G — T and G — C transitions, which is consistent with m?-1z and m?-OG formation

(Eigure 2-10a). Error analysis at m?,G2s showed conversion from a mostly adenosine
incorporation typically observed during read-through of bulky bases®? to a more balanced

error distribution (Eigure 2-10b), with no clear base-pairing preference.
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m2G10, tRNAYS m2,G26, tRNAYS,

Figure 2-10: Error distribution observed before and after photooxidation reaction for a)
m2G at position 10 in tRNAYSyyy and b) m?,G at position 26 in tRNASyyu.

Encouraged by these results, | examined other readily sequenced yeast tRNAs.
tRNAValyac and tRNAAS"guy, both of which contain m?Gio and m2:Gzs modifications,
showed a large increase in error at m?G sites, with a concomitant decrease in error at

m?2,G sites (Figure 2-11a-b). tRNAV@cac, which contains two instances of m?G at positions

10 and 26, was effectively sequenced by PhOxi-seq (Figure 2-11c), and tRNAA9xcg,

which contains two consecutive m?G sites at positions 9 and 10 and an m?G located at
position 26, was also found to be within the scope of this method (Figure 2-11d). While
there does appear to be a lower response for m?G in tRNA*9ace, PhOxi-seq resulted in

a 40-fold increase in error at this position from 0.3% to 13% error.
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Figure 2-11: Evaluation of PhOxi-seq on various RNAs. Plots of guanosine error at
each position mapped for a) tRNAV2yac, b) tRNA*Sgyy, ¢) tRNAY¥cac, d) tRNAAYAcG.

Blue bars denote control sequencing run; red bars denote PhOxi-seq run.

Other known m?G and m%G modifications on yeast tRNAs were also found to be

effectively sequenced (Figure 2-12a-b). | also used PhOxi-seq to detect the m?G

modification at position 1516 of E. coli 16S rRNA with good response and discrimination
over flanking guanosines (Figure 2-12c). While E. coli rRNA was denatured before photo-
oxidation, the observed error was generally lower than those observed in tRNAs, which

may be due to the reaction being performed on the whole ribosome. It is likely that larger
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error responses would be observed for smaller RNA fragments. PhOxi-seq analysis on
other available tRNA modifications showed no major changes in error, suggesting that

this method is compatible with a wide scope of functional groups present on RNA (Figure

2-12d).
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Figure 2-12: Guanosine error at known a) m?G and b) m?%G in yeast tRNA; Blue bars
denote control sequencing run; red bars denote PhOxi-seq run. c) Plot of guanosine
error for E. coli 16S rRNA between bases 1471 and 1571; Blue bars denote control

sequencing run; red bars denote PhOxi-seq run. d) Difference in error between control

and PhOxi-seq at various modified bases in tRNA; blue bars denote increase in error;

red bars denote decrease in error.
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However, it is important to note that PhOxi-seq alone cannot effectively distinguish
between m2G and m'G as an increase in error at m'G sites was observed in all tested

cases (Figure 2-13a). While error distributions differ from those seen with mG (Eigure 2-

13b), and native error rates at m'G sites are significantly higher than those of m?G, which
could enable discrimination between m'G and m?G sites, the use of selective m'G
demethylases’ are likely to be an integral component of PhOxi-seq for N?>-methylation.

This is further explored in Chapter 3 of this thesis.

a

tRNAeY ., , G26-
tRNAArgACGGQ'

tRNAHIS ., -G38
tRNASY ;GO

L T L) T 1
0 20 40 60 80 100
errorin G, %
b [

(] ]
-0 >

Control PhOxi-seq Control PhOxi-seq
2 Lys 1 Ar
m2G10, tRNAYS m'G9, tRNAAT9, . -

Figure 2-13: a) Guanosine error at known m'G sites in yeast tRNA. Error distribution
observed before and after photooxidation reaction for b) m?G at position 10 in
tRNAYSyyy and ¢) m'G at position 9 in tRNAAY9cG.
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2.3.5. Photocatalysis reaction improves read-through at m?.G sites

During PhOxi-seq analysis, | found that amplification of tRNAs occurred more efficiently
after photoredox reaction. It is known that m%G is a terminator site during reverse
transcription and can often be challenging to read through.?® Indeed, enzymatic methods
have recently been developed that enable read-through of m?G sites during tRNA
sequencing.” | hypothesized that the conversion of m?G into m?-Iz during PhOxi-seq
enables more efficient read-through, perhaps due to the reduced size or via alternative
base-pairing not available to m%,G. To test this on a model system, | used purified yeast
tRNAPhezaa and monitored read-through of m?;G by primer extension with and without
photo-oxidation. PAGE analysis revealed that superscript Ill reverse transcriptase read

through m?,G six times more efficiently after photo-oxidation (Figure 2-14a), which was

confirmed using RT-qPCR (Figure 2-14b). Read-through of m?G sites in tRNAP"®gaa was

unaffected after photoredox treatment (Eigure 2-14c). Such photoredox chemistry could
find applications to sequencing of m?;G-containing transcripts as an alternative to

engineered polymerases.
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Figure 2-14: a) Reverse transcription of tRNAP"¢gaa with (PC) and without (C)
photocatalysis reaction was performed using different reverse transcriptase classes
such as: 1) GoScript™ Reverse Transcriptase, 2) SuperScript™ Il Reverse
Transcriptase, 3) Reverse Transcriptase AMV, 4) HIV Reverse Transcriptase, and 5)
TGIRT™-]II Reverse Transcriptase. b) RT-gPCR analysis of read-through efficiency of
m2,G at position 26 in tRNAP"¢gaa. ¢) Reverse transcription was performed with (PC)
and without (C) photocatalysis reaction using SuperScript™ Il RT, yeast tRNAP"¢gan,
and tRNA-phe_63 primer.
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24. Conclusion

In summary, PhOxi-seq provides a robust approach to the single-nucleotide resolution
sequencing of N?-methylation of guanosine by harnessing the chemoselectivity of
photoredox chemistry to enable selective photo-oxidation of m?G and m?%G in the
presence of other RNA bases. | have shown that error markedly increases in the case of
m?G by the hypothesized formation of m?-Iz and m?-OG that pair with G and A,
respectively. Error decreased in the case of m?.G with concomitant 6-fold enhanced read-
through by the formation of m?-1z. The method was shown to be compatible within a
variety of sequence contexts in both tRNA and rRNA. | anticipate that PhOxi-seq will find
broad use as a straightforward sequencing approach to enable functional studies of N?-
methylation of guanosine in RNA. As the only chemistry-based sequencing approach
available for N?-methylation of guanosine, PhOxi-seq could be used as a diagnostic
detection tool for m®G and m?,G sites involved in human disease and aid in selecting the

appropriate treatments in the future.

2.5. Experimental details

2.5.1. General information

Unless otherwise noted, water was purified with the MilliQ Direct Q3. DNA and RNA
oligonucleotides were purchased from Integrated DNA Technologies, with HPLC

purification. Monarch RNA cleanup kit and E.Z.N.A. Cycle Pure Kit were purchased from
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New England BiolLabs (T2030L) and Omega Bio-tek (D6492), respectively. Different
reverse transcriptases such as GoScript™ Reverse Transcriptase, SuperScript™ |l
Reverse Transcriptase, Reverse Transcriptase AMV, HIV Reverse Transcriptase, and
TGIRT™-|Il Reverse Transcriptase were purchased from Promega (9PIA500),
Invitrogen/Thermo Fisher Scientific (18080093), Sigma-Aldrich (10109118001), EMD
Millipore Corp. (382129), and InGex, LLC (TGIRT), respectively. Nucleoside analysis was
performed by reverse-phase high-performance liquid chromatography (HPLC, Agilent
1260 Infinity I1) using a C18 stationary phase (Phenomenex, Luna® 5 ym C18(2) 100 A,
250 x 4.6 mm) and an acetonitrile/100 mM triethylammonium acetate gradient. High-
throughput DNA sequencing samples were quantified using a Qubit 4 Fluorometer,
prepared on an lonChef instrument and sequenced on an lon Torrent GeneStudio S5 Plus

using lon 540 Chips.

2.5.2. DNA Sequences

Note: S5phos/ = 5’-phosphate, /3ddC = 3’-dideoxycytidine
The sequences below are written from 5’ — 3’:

T7 TAATAC GAC TCACTATAG GG

T7_term GCTAGT TAT TGC TCAGCG G

tRNA-phe_45 TGG TGC GAATTC TGT GGA TCG AAC ACA GGA CCT CCAGAT CTT

CAG
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tRNA-phe_31_rev GCG GAT TTAGCT CAG TTG GGA GAG CGC CAGA

tRNA_phe_cDNA-qPCR TGG TGC GAATTC TGT GGA TCG AAC ACA GGA CGA CCG

AAT CTT CAG TCT GGC GCT CTC CCAACT GAG CTAAAT CCGC
Y-5’-AD-N GTT CAGAGT TCTACAGTC CGACGATCACTG GAT ACT GrGrN

Y-3’-AD 5Phos/GTATCC AGT TGG AAT TCT CGG GTG CCAAGG/3ddC

2.5.3. RNA Sequences

The sequence below is written from 5’ — 3’

temp_3_unmeth rGrCrU rArGrU rUrArU rUrGrC rUrCrA rGrCrG rGrUrA rUrArC rGrUrC

rUrGrC rArArU rArCrA rGrCrG rArCrC rCrUrA rUrArG rUrGrA rGrUrC rGrUrA rUrUrA

2.5.4. lonCode adapters

The sequences below are written from 5’ — 3’

Y-AD-P1 CCACTACGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTG ATG CCT

TGG CAC CCGAGA

tRNA_arg3_P1 CCACTACGC CGC TTT CCT CTC TAT GGG CAG TCG GTGATT GGC

TTC CCC GCCAGGACT TGAA

tRNA_asn1_P1 CCACTACGC CTCTTT CCT CTC TAT GGG CAG TCG GTGATT GGC

GAC CCC AGT GAG GGT TGAA
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tRNA_lys1_P1 CCACTACGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTGATT

GGC TCC TCATAG GGG GCT CGAA

tRNA_val1_P1 CCACTACGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTGATT

GGT GAT CCAACC GAG GTT CGAA

Y-AD_IC_0101 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG CTAAGG TAACGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0102 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TAAGGA GAACGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0103 CCATCT CATCCC TGC GTG TCT CCGACT CAGAAGAGGATT CGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0104 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TAC CAA GAT CGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0105 CCATCT CAT CCC TGC GTG TCT CCGACT CAG CAGAAG GAACGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0106 CCATCT CAT CCC TGC GTG TCT CCGACT CAG CTG CAAGTT CGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0107 CCATCT CAT CCC TGC GTG TCT CCGACT CAGTTC GTGATT CGG

TGATGT TCAGAG TTC TACAGT CCGACGATC

Y-AD_IC_0108 CCATCT CAT CCC TGC GTG TCT CCGACT CAG TTC CGATAACGG

TGATGT TCAGAG TTC TACAGT CCGACGATC
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16S-_1521_P1 CCACTACGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTG ATA

AGGAGG TGATCCAAC CGCA

16S+_1471_IC_0105 CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG CAG AAG

GAACGG TGATTG TGATTCATG ACT GGG GTG

16S+_1471_IC_0106 CCATCT CAT CCC TGC GTGTCT CCGACT CAG CTG CAAGTT

CGG TGATTG TGATTC ATGACT GGG GTG

2.5.5. Photocatalysis reaction with nucleosides

The photocatalysis reaction was performed in phosphate buffer (100 mM, pH 7). Ina PCR
tube, 6 pL of 1 mM modified or unmodified nucleoside, 13.2 yL of 1 mM selectfluor
(Sigma-Aldrich, 439479), and 12 pyL of 0.5 mM riboflavin (Alfa Aesar, A11764) were
added. The reaction was placed at 65 cm from blue light for 2 h, followed by quenching

with 3 uL of saturated NaHCO3; and HPLC analysis.

2.5.6. Photocatalysis reaction with RNA

The photocatalysis reaction was performed in a PCR tube by adding 5 yL of 2 yM RNA
[in nuclease-free water (Ambion, AM9937)], 13.2 yL of 1 mM selectfluor (in phosphate
buffer 100 mM, pH 7), 1.2 pyL of 0.5 mM riboflavin (in phosphate buffer 100 mM, pH 7),

and phosphate buffer (100 mM, pH 7) up to 30 yL. Reaction was left at 65 cm from blue
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light for 2 h, followed by quenching with 3 pL of saturated NaHCO3 and purification with

Monarch RNA cleanup kit.

Reaction set up: Sample was secured 65 cm from Kessil Tuna Blue A160WE lamp
set to the lowest intensity. A fan was situated directly behind the reaction vessel to
dissipate heat. Note that the photo shows the reaction vessel at less than 65 cm for

clarity.

2.5.7. HPLC method

Flow rate: 0.5 mL/min

Detection wavelength: 260 nm
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Mobile phase A: 3% acetonitrile in 0.1 M triethylammonium acetate (92:5:3 deionized

water: 2 M TEAA: acetonitrile)

Mobile phase B: 90% acetonitrile (9:1 acetonitrile: water)

Elapsed time (min) %B
0 0
15 0
35 10
65 100
70 100
72 0
85 0

Column: Phenomenex, Luna® 5 ym C18(2) 100 A, 250 x 4.6 mm

2.5.8. RT-qPCR with tRNAPhegap

Photocatalysis reaction was scaled up by 3-fold and performed with tRNAP"gaa

(Sigma-Aldrich, R4018).

In a PCR tube, tRNAP"gas was reverse transcribed using SuperScript™ Ill Reverse

Transcriptase (Invitrogen, Thermo Fisher Scientific, 18080093) protocol.

54



Complementary DNA was diluted to 1 nM for qPCR. Serial dilution of the cDNA of

tRNAP"gaa (tRNA_phe cDNA-gPCR) were also used for qPCR standard curve.

gPCR was performed with tRNAP"®gaa and standards using the Luna Universal gPCR

Master Mix protocol (NEB, M3003) in a thermal cycler (Biorad, 1855201). Primers used

were tRNA-phe_45 and tRNA-phe_31_rev. The qPCR cycles were as follows:

Cycle step Temperature, °C Time, s Cycles
Initial denaturation | 95 60 1
Denaturation 95 15 40
Extension 60 30 + plate read

Melt curve 60 - 95 5 1

2.5.9. PhOxi-seq with Baker’s Yeast total tRNA

Ina PCR tube, 1 uL of 10 uM Baker’s Yeast total RNA (Sigma-Aldrich, 10109509001) was
deacylated using 25 pL of 20 mM Tris-HCI (pH 9) in a thermal cycler (Biorad, T100) at 37
°C for 40 min, followed by purification with Monarch RNA cleanup kit. Photocatalysis

reaction was then performed with total tRNA.

Ligation of adapters was performed by incubating a PCR tube containing 4 uL of 10 uM
Y-5’-AD-N, 4 pL of 10 uM Y-3’-AD, and 1 pL of 10 uM deacylated Yeast total tRNA at 90
°C for 2 min in a thermal cycler (Biorad, T100). To the same PCR tube, 1 pL of 10x

annealing buffer [50 mM Tris-HCI (pH 8), 5 mM EDTA, 100 mM MgCl.] was then added,
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followed by incubation at 37 °C for 15 min. A 10 yL of 1x reaction buffer containing 10
units of T4 RNA ligase 2 (NEB, #M0239), was then added and incubated at 37 °C for 1 hr

and 4 °C overnight. Ligated RNA was purified with Monarch RNA cleanup kit.

The purified ligated tRNA was prepared for sequencing by RT-PCR using lonCode
adapters and SuperScript lll One-Step RT-PCR System with platinum Taq DNA
Polymerase (Invitrogen, Thermo Fisher Scientific, 12574-018) using the following RT-

PCR cycles:

1. 55 °C, 60 min

2. 94 °C, 2 min

3. 94°C,15s

4. 50°C,30s

5. 68°C,60s

6. GOTO step 3 (variable)
7. 68 °C, 5 min

8. 4°C, »

The reverse transcribed DNA was purified using E.Z.N.A. Cycle Pure Kit, followed by
purification using 10% native polyacrylamide gel. After staining the gel for 15 minutes with
SYBR safe DNA gel stain (Invitrogen, 33100), the gel was visualized on BIuPAD Dual
LED Blue/White Light Transilluminator (bio-helix, BPOO1CU), and the desired DNA
amplicon was excised from the gel. The excised band was crushed into a slurry, 100 pL

of 0.3 M NaCl was added to the slurry and incubated overnight at 37 °C followed by
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purification with E.Z.N.A. Cycle Pure Kit (Omega Biotek, D6492). The concentration of
the DNA was then measured using a Qubit 4.0 Fluorometer (Thermo Fisher Scientific)
using the dsDNA HS Assay Kit (Invitrogen, Q32851) and then diluted to 50 pM. The
prepped and pooled DNA libraries were loaded onto an lon Chef with lon 540 Chips
(Thermo Fisher Scientific, A27765). The prepared chips were then sequenced on an lon

GeneStudio™ S5 Plus DNA sequencing system (Thermo Fisher Scientific).

2.5.10. PhOxi-seq with E. Coli Ribosome

E. Coli Ribosome (NEB, P0763S) was purified with Monarch cleanup kit and denatured

by incubating at 70 °C for 5 minutes and snap-cooling on ice.
Photocatalysis reaction was then performed with E. Coli Ribosome.

The purified E. Coli Ribosome was prepared for sequencing by RT-PCR using lonCode
adapters and SuperScript Il One-Step RT-PCR System with platinum Tag DNA
Polymerase (Invitrogen, Thermo Fisher Scientific, 12574-018) using the following RT-

PCR cycles:

1. 55 °C, 30 min
2. 94 °C, 2 min
3. 94°C,15s
4. 50°C,30s
5. 68°C,60s

6. GOTO step 3 (variable)
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7. 68 °C, 5 min

8. 4°C, o

The reverse transcribed DNA was purified using E.Z.N.A. Cycle Pure Kit, followed by
purification using 10% native polyacrylamide gel. After staining the gel for 15 minutes
with SYBR safe DNA gel stain (Invitrogen, 33100), the gel was visualized on BIuPAD
Dual LED Blue/White Light Transilluminator (bio-helix, BPO01CU), and the desired DNA
amplicon was excised from the gel. The excised band was crushed into a slurry, 100
pL of 0.3 M NaCl was added to the slurry and incubated overnight at 37 °C followed by
purification with E.Z.N.A. Cycle Pure Kit (Omega Biotek, D6492). The concentration of
the DNA was then measured using a Qubit 4.0 Fluorometer (Thermo Fisher Scientific)
using the dsDNA HS Assay Kit (Invitrogen, Q32851) and then diluted to 50 pM. The
prepped and pooled DNA libraries were loaded onto an lon Chef with lon 540 Chips
(Thermo Fisher Scientific, A27765). The prepared chips were then sequenced on an

lon GeneStudio™ S5 Plus DNA sequencing system (Thermo Fisher Scientific).

2.5.11. Photocatalysis reaction with unmethylated RNA followed by

digestion

Photocatalysis reaction was performed with unmethylated RNA (temp_3 unmeth)
followed by digestion using Nucleoside Digestion Mix kit (NEB, M0649) and HPLC

analysis.
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2.5.12. RT-qPCR analysis of RNA degradation by PhOxi-seq

Photocatalysis reaction was performed with unmethylated RNA (temp_3_unmeth).

RT-gPCR was performed according to Luna Universal One-Step RT-gPCR kit protocol
(NEB, E3005) in a thermal cycler (Biorad, 1855201) using T7 and T7_term primers.

RT-gPCR cycles were as follows:

Cycle Step Temperature, °C Time Cycles
Reverse transcription 55 10 min 1

Initial denaturation 95 1 min 1
Denaturation 95 10s 45
Extension 60 30 s + plate read

Melt Curve 60-95 various 1
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Chapter 3: Identification of N'-Methylated Guanosine (m'G) in

RNA with Various Sequence Contexts by PhOxi-Seq

60



3.1. Abstract

PhOxi-seq was initially developed to confirm known sites of m?G and m?%G within
abundant classes of RNA, namely purified rRNA and purified tRNA. However, after
photooxidation, the same mutations occur at both m?G and m'G sites making it
challenging to differentiate between these modifications. To determine if m'G could be
resolved from m?G sites, | further explored the selectivity and limitations of PhOxi-seq. To
this end, | demonstrated that PhOxi-seq is highly dependent on sequence context and is

not quantitative below 50% m'G stoichiometry.

3.2. Introduction

N'-Methylguanosine (m'G) is a modification found 3’ of the anticodon at position 37 of
tRNA in all organisms. This modification is known to prevent frameshifting, which is
detrimental to protein synthesis. In fact, studies have revealed that the lack of m'G in
tRNA of either Bacteria or Eukarya affects growth and is thus essential for survival of
organisms.”® In human tRNA, TRMT5 and TRMT10 are known methyltransferases that
install m'G at positions 37 and 9, respectively. TRMT5 mutations are found in patients
with lactic acidosis and multiple mitochondrial respiratory-chain-complex deficiencies in
skeletal muscle whereas TRMT10 dysfunction is associated with patients suffering from
diabetes.”®7® Additionally, high levels of m'G have been found in the urine of tumor
patients and used as biomarkers of cancer.”® Functional studies about m'G are limited
due to the lack of sequencing methods available. Fortuitously, when PhOxi-seq was
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initially developed, known m'G sites in yeast tRNA were mutated, providing a potential

tool to study m'G.80

The sequencing of tRNAs provide a good testing ground to explore the selectivity of
sequencing methods due to the rich diversity of modifications present. Indeed, our initial
assessment of PhOxi-seq showed that mutagenic photooxidation occurs at m'G, m?G,
and m%G. In the case of m%G, which is read through with high error due to the
modification blocking Watson-Crick-Franklin hydrogen bonding, photooxidation was

shown to markedly decrease the error, which can be easily distinguished from m?G.

However, m'G and m?G both showed an increase in error in yeast total tRNA with mostly
G - T and G — C ftransitions making it challenging to discriminate between both
modifications. When various tRNAs with known m'G sites were examined, variation in
the native read-through error were observed, pointing to either read-through error being
sequence dependent or perhaps these sites had varying m'G stoichiometries (Figure 3-
1a-b). As a result, | sought to determine if this observation was general in other RNA

models and to establish if m'G could be easily distinguished from m2G signatures.
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Figure 3-1: a) Detection of known m'G sites in yeast tRNA. Red bars denote
sequencing error without blue light-mediated photooxidation (-BL), while blue bars
denote the sequencing error with blue light-mediate photooxidation (+BL). b) Error

distribution observed before and after photooxidation reaction for m'G at position 9 in
tRNAA 9 cG.

3.3. Results and discussion

3.3.1. PhOxi-seq with m'G containing RNA

Due to its similar sequencing data outcome and error profiles as m?G, | first hypothesized
that both m'G and m?G oxidize into m?-Iz. Knowing that m?-Iz product is potentially
unstable due to its challenging detection by HPLC, to overcome this issue, | used a 20-
mer oligonucleotide containing an m'G site as a model system: 5'-
AACUACUAC(m'G)UAACUACUAA-3'. LC-MS analysis following photoredox treatment
confirms our proposed reaction pathway indicating that the sequencing data obtained was

due to both m'G and m?G resulting in the same mutagenic products (Figure 3-2).
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Figure 3-2: LC-MS analysis of photoredox-treated m'G containing 20-mer

oligonucleotide showing m?-Iz product.

3.3.2. PhOxi-seq with m'G containing RNA in stem and loop

To further investigate if read-through error at m'G sites were sequence dependent, |
conducted sequence analysis on model systems with controlled m'G stoichiometries in
different sequence context. RNA sequences with m'G positioned in either a predicted
stem or loop structure were examined with PhOxi-seq to evaluate read-through and
photooxidation preferences. When m'G was located in a predicted stem (Figure 3-3a),

low read-through error was observed (2%), with an expected high error (61%) after
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photooxidation. However, when m'G was positioned in a predicted loop (Figure 3-3b),
high read-through error was observed (35%) with a further increase in error upon
photooxidation (58%). This further confirmed that PhOxi-seq analysis of m'G sites will be

highly dependent on sequence context and pose potential issues with downstream

analysis.
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Figure 3-3: a) PhOxi-seq of an RNA containing a single m'G in a predicted®’ stem

region. b) PhOxi-seq of an RNA containing a single m'G in a predicted loop region.

3.3.3. PhOxi-seq with sequences containing m'G flanked by random

degenerate bases

Indeed, a library of m'G sequences comprising NN(m'G)NN demonstrated high variability
of read-through error for m'G, with errors up to 90% (Figure 3-4a); however, in almost all
sequence contexts, PhOxi-seq did provide a marked increase in error (Figure 3-4b).
These data suggest that m'G may be readily distinguished from m2G in cases where

read-through error at m'G sites prior to photooxidation is high. Sites that exhibit this
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signature can be removed from putative m?G site lists during sequencing analysis;

however, false positives are likely to occur due to the high variability of m'G read-through

error.
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Figure 3-4: a) Heat map of read-through error of an m'G-containing RNA flanked by
two degenerate bases on both sides (NN(m'G)NN). The x-axis reflects the dinucleotide
5’ to the m'G, while the y-axis reflects the dinucleotide 3’ to the m'G. b) Similar to the
heat map in a), but showing the difference in error between the no blue light
photooxidation control and the photo-oxidized sample.

3.3.4. PhOxi-seq with sequences containing m'G mixed in different

fractions ranging from 0 — 100 %

Lastly, | also explored the effect of m'G stoichiometry during PhOxi-seq analysis. To do
this, | evaluated error profiles for a model template with a single m'G at stoichiometries
ranging from 0% to 100%. | observed that increases in error due to photooxidation
became significant above 50% stoichiometry, increasing markedly as stoichiometries
reached 100% (Figure 3-5a). One explanation for this is read-through bias, whereby the
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unmodified guanosine is reverse transcribed more efficiently than m'G (Figure 3-5b);

however, approaches to circumvent this issue were not successful.
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Figure 3-5: a) PhOxi-seq analysis on m'G-containing RNA with varying stoichiometries
of m'G at a single position, ranging from 0-100%. The difference in error is between the
no photooxidation control and the photooxidized sample. b) Reverse transcription of
oligonucleotide with (m'G) and without m'G (G).

3.4. Conclusion

To conclude, | explored the possibility of using PhOxi-seq to distinguish between m?G and
m'G. | found that while m'G sites in RNA are sensitive to photooxidation and are cleanly
detected using PhOxi-seq, the variability of read-through error in the no-photooxidation
control was considered a potential confounding issue. To overcome the limitations of
PhOxi-seq, an m'G antibody can be used prior to PhOxi treatment to enrich m'G

sequences. However, if both m?G and m'G are present on the same transcript, false
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positives might occur. On the other hand, using an m'G demethylase to fully convert m'G
into G will be explored in the near future. While | am currently investigating more robust
approaches to definitively resolve m'G from m?G in PhOxi-seq data, due to the above
uncertainties, | sought a different approach that would yield higher confidence sites for

m?2G within a human cancer cell line discussed in more detail in chapter 4.

3.5. Experimental details

3.5.1. General information

Unless otherwise noted, water is purified with the MilliQ Direct Q3. DNA and RNA
oligonucleotides are purchased from Integrated DNA Technologies and Dharmacon.
Monarch RNA cleanup kit and E.Z.N.A. Cycle Pure Kit are purchased from NEW
ENGLAND BioLabs (T2030L) and Omega Bio-tek (D6492), respectively. High-
throughput DNA sequencing samples are quantified using a Qubit 4 Fluorometer,
prepared on an lonChef instrument and sequenced on an lon Torrent GeneStudio S5

Plus using lon 530 Chips.

3.5.2. RNA sequences

The sequences below are written from 5’ — 3’:
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G_nestin_RNA AAU GCC GCU AGU CUC UGAGGGAGACCGAGG GAG CCC CuU

UCA GGA GGA GGA GGG GAG UGC UCU GAA GAC CUC UUG GGCAGG G

m1G_nestin_RNA AAU GCC GCU AGU CUC UGA GGG AGA CCG AGG GAG CCC
CUU UCA GGA Gm1GA GGAGGG GAG UGC UCU GAA GAC CUC UUG GGC AGG

G

m1G_stem_RNA GCU AGU UAU UGC UCA GCG GCC Am1GU UCA CAACUG AAC

UGG CCC UAU AGU GAG UCG UAU UA

m1G_loop_RNA GCU AGU UAU UGC UCA GCG GCC AGU UAC Cm1GA CUG AAC

UGG CCC UAU AGU GAG UCG UAU UA

NN(m1G)NN_RNA GCU AGU UAU UGC UCA GCG GAU GCU ACrN rNm1GrN rNAU

AGA CUG CCC UAU AGU GAG UCG UAU UA

3.5.3. lonCode adapters

The sequences below are written from 5’ — 3’:

nestin_IC_0118 CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG AGG CAATTG
CGG TGATAATGC CGC TAG TCT CTGAGG
nestin_IC_0119 CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG TTA GTC GGA

CGG TGATAATGC CGC TAG TCT CTGAGG
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nestin_IC_0120 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG CAG ATC CAT

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0121 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TCG CAATTA

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0122 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TTC GAG ACG

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0123 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TGC CAC GAA

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0124 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG AAC CTC ATT

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0125 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG CCT GAG ATA

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0126 CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG TTA CAACCT

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0127 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG AAC CAT CCG

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0128 CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG ATC CGG AAT

CGG TGATAATGC CGC TAG TCT CTGAGG
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nestin_IC_0129 CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG CGA GGT TAT

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0130 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TCC AAG CTG

CGG TGATAATGC CGC TAG TCT CTGAGG

nestin_IC_0131 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TCT TAC ACA

CGG TGATAATGC CGC TAG TCT CTGAGG

p1_nestin CCA CTACGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTG ATC

CCT GCC CAAGAG GTCTTC

T7_P1 CCACTACGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTG ATT AAT

ACGACT CAC TATAGG G

T7_term_IC_0101 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG CTAAGG TAA

C GGT GAT GCTAGT TATTGC TCAGCG G

T7_term_IC_0102 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TAA GGA GAA

C GGT GAT GCTAGT TATTGC TCAGCG G

T7_term_IC_0103 CCATCT CAT CCC TGC GTG TCT CCG ACT CAGAAGAGGATT

C GGT GAT GCTAGT TATTGC TCAGCG G

T7_term_IC_0104 CCATCT CAT CCC TGC GTG TCT CCG ACT CAG TAC CAA GAT

C GGT GAT GCTAGT TATTGC TCAGCG G
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T7_term_IC_0105 CCATCT CAT CCCTGC GTG TCT CCGACT CAG CAGAAG GAA

C GGT GAT GCTAGT TATTGC TCAGCG G

T7_term_IC_0106 CCATCT CAT CCC TGC GTG TCT CCGACT CAG CTG CAAGTT

C GGT GAT GCTAGT TATTGC TCAGCG G

3.5.4. LC-MS method for m'G containing oligonucleotide

The photocatalysis reaction is performed in a PCR tube by adding 6 pL of 50 uM of RNA,
13.2 uL of 1 mM selectfluor (Sigma-Aldrich, 439479) (in phosphate buffer 100 mM, pH 7),
and 24 uL of 0.5 mM riboflavin (Alfa Aesar, A11764) (in Milli-Q). The reaction is placed at
65 cm from blue light (Kessil Tune Blue A160WE lamp set to lowest intensity) for 2 h. The
reaction is cleaned up with Monarch kit followed by LC-MS analysis. LCMS analyses were

performed using Agilent Infinity Lab LC/MSD system. Negative ionization mode.
Flow rate: 0.5 mL/min

Detection wavelength: 260 nm

Mobile phase A: 10 uM EDTA, 0.038% TEA, 0.75% HFIP, in MilliQ water

Mobile phase B: 10 uM EDTA, 0.038% TEA, 0.75% HFIP, in 90:10 Methanol:MilliQ water
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Elapsed time (min) % B
0 10
4 90
5 10
6 10

Column: HALO 400 A, ES-C18, 3.4 uM, 2.1 x 30 mm

3.5.5. Photocatalysis reaction with RNA

The photocatalysis reaction was performed in a PCR tube by adding 5 yL of 2 yM RNA
[in nuclease-free water (Ambion, AM9937)], 13.2 puL of 1 mM selectfluor (in 100 mM
phosphate buffer, pH 7), 1.2 yL of 0.5 mM riboflavin (in 100 mM phosphate buffer, pH
7), and phosphate buffer (100 mM, pH 7) up to 30 yL. Reaction was left at 65 cm from
blue light (Kessil Tune Blue A160WE lamp set to lowest intensity) for 2 h, followed by

purification with Monarch RNA cleanup Kkit.

3.5.6.PhOxi-seq with RNA containing m'G in various sequence

contexts

Photocatalysis reaction was performed with RNA as mentioned above.
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The purified RNA was prepared for sequencing by RT-PCR using lonCode adapters
and SuperScript Il One-Step RT-PCR System with platinum Tag DNA Polymerase

(Invitrogen, Thermo Fisher Scientific, 12574-018) using the following RT-PCR cycles:

1. 55 °C, 30 min

2. 94 °C, 2 min

3. 94°C,15s

4. 50°C,30s

5. 68°C,60s

6. GOTO step 3 (variable)
7. 68 °C, 5 min

8. 4°C, »

The reverse transcribed DNA was purified using E.Z.N.A. Cycle Pure Kit, followed by
purification using 10% native polyacrylamide gel. After staining the gel for 15 minutes
with SYBR safe DNA gel stain (Invitrogen, 33100), the gel was visualized on BIuPAD
Dual LED Blue/White Light Transilluminator (bio-helix, BP001CU), and the desired DNA
amplicon was excised from the gel. The excised band was crushed into a slurry, 100
pL of 0.3 M NaCl was added to the slurry and incubated overnight at 37 °C followed by
purification with E.Z.N.A. Cycle Pure Kit (Omega Bio-tek, D6492). The concentration of
the DNA was then measured using a Qubit 4.0 Fluorometer (Thermo Fisher Scientific)
using the dsDNA HS Assay Kit (Invitrogen, Q32851) and then diluted to 50 pM. The

prepped and pooled DNA libraries were loaded onto an lon Chef with lon 530 Chips
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(Thermo Fisher Scientific, A27765). The prepared chips were then sequenced on an

lon GeneStudio™ S5 Plus DNA sequencing system (Thermo Fisher Scientific).

3.5.7. Read-through test with RNA containing m'G

Reverse transcription using SuperScript Il RT (Invitrogen, Thermo Fisher Scientific,
18080093) was performed. In a PCR tube, 2.5 pyL of 100 uM (250 pmol) Nestin_primer_F
primer, 2.5 pL of 10 uM (25 pmol) G_Nestin_RNA/m'G_Nestin RNA (with or without PC),
1 pL of 10 mM (10 nmol) dNTP, and Nuclease-free water up to 13 puL were added. The
reaction was incubated at 65 °C for 5 mins, then placed on ice followed by the addition of
4 uL 5x First-Strand buffer, 1 yL of 0.1 M (100 nmol) DTT, 1 pL (200 units) SuperScript lll
RT (200 U/pL), and 1 pL Nuclease-free water. The reaction was incubated at 50 °C for 1

hr, then 70 °C for 15 mins.

RNA strand was hydrolyzed by adding 1 pL (2 units) RNAse H (M0297) and incubating at
37 °C for 20 min. Reaction was cleaned up with E.Z.N.A DNA kit and loaded on a 10%

denaturing gel at 150 V for 30 min.
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Chapter 4: Identification of Enzyme-Dependent m3G in

Multiple RNA Types by PhOxi-Seq
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The presented material was submitted to ACS chemical biology (currently under review):

Klimontova, M.; Chung Kim Chung, K.; Zhang, H.; Kouzarides, T.; Bannister, A. J.; Hili,

R. PhOxi-seq detects enzyme-dependent m?G in multiple RNA types. My contributions to
this manuscript were performing the PhOxi reaction and tRNA sequencing. Marie
Klimontova (Kouzarides lab) performed the cell culture, THUMPD3 knockdown
experiments, and transcriptome sequencing. Han Zhang (Kouzarides lab) generated the

bioinformatic pipeline and analyzed the sequencing data.
4.1. Abstract

In chapter 2, | introduced PhOxi-seq as a chemistry-based sequencing method that
identifies known sites of m?G within multiple RNA types, namely purified rRNA and purified
tRNA. Here, in collaboration with the Kouzarides lab at The University of Cambridge (UK),
we describe an optimized PhOxi-seq workflow, coupled to a novel bioinformatic pipeline,
that is capable of detecting enzyme-dependent m?G sites throughout the transcriptome,
including low abundant mRNAs. In this way, we generated the first database of high
confidence sites of THUMPD3-dependent m?G in multiple RNA classes within a human
cancer cell line (A549) and further identified non-THUMPD3 controlled sites throughout

the transcriptome.

4.2. Introduction

N?-Methylguanosine (m?G) has been identified in various RNA molecules across all three

domains of life: Archaea, Bacteria, and Eukarya. While most often associated with tRNA
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and rRNA, m?G was recently detected by mass spectrometry analysis of mRNA isolated
from S. cerevisiae, suggesting that it may have regulatory function at the transcriptome
level.22 Recently, three m?G-catalysing RNA methyltransferases — THUMPD2,
THUMPD3, and TRMT11 — have been characterized.®3-8° The dysregulation of these
methyltransferases has been associated with various human diseases. THUMPD2 is
known to install a critical m®G modification in U6 snRNA, the catalytic centre of the
spliceosome, necessary for efficient splicing activity; its dysregulation is linked to age-

related macular degeneration and retinal function.8®

Upregulated THUMPD3 has been shown to promote lung cancer cell proliferation and
migration by modulating the extracellular matrix through mechanisms such as alternative
splicing.®® Lastly, TRMT11 fusions have been associated with aggressive and recurring
prostate cancers.®” Further functional studies are required to determine the role of m?G
in human health; however, limited tools are available to experimentally study m?G. Early
transcriptome maps of other post-transcriptional modifications, such as mfA, relied on
established antibodies, well-characterised demethylases, and a relatively high natural
abundance of the modification.8 On the contrary, m?G lacks these essential tools making

its study particularly challenging.

| previously described photooxidative sequencing (PhOxi-seq), which enables the single-
nucleotide resolution sequencing of m?G by harnessing the chemoselectivity of
photoredox chemistry to enable selective photo-oxidation of m?G in the presence of
guanosine.®’ The method relies upon the lower oxidation potential of methylated guanine

over that of canonical guanine. In the presence of blue light and riboflavin as a
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photocatalyst, m?G is mutated into m?-I1z and m?-OG, which base pair with G and A,

respectively (Figure 4-1).
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Figure 4-1: a) Photooxidation reaction of N?-Methylguanosine into N?-imidazolone
(m21z) and N?-oxoguanine (m?0OG), which is the chemical basis for photooxidative
sequencing (PhOxi-seq). b) PhOxi-seq workflow to detect m?G in RNA.

PhOxi-seq was shown to readily identify m?G sites in model synthetic RNAs, as well as
known sites in highly abundant RNAs, such as purified yeast tRNAs and purified E. coli
rRNA. One shortcoming of PhOxi-seq is that preliminary evidence suggested that m'G
may form the same mutagenic oxidation products as m?G, and thus convolute
transcriptome-wide mapping of m?G.8° Given the limited understanding of the biological
role of m?G and the potential of m?G methyltransferases as therapeutic targets, in
collaboration with the Kouzarides lab at the University of Cambridge (UK), we sought to

adapt PhOxi-seq to identify potential m?G sites within the human transcriptome to
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facilitate their functional studies. To this end, we explored the effect of knocking down an
m?G methyltransferase, THUMPD3, to assist in m?G site confirmation from PhOxi-seq
data in human lung cancer cells (A549) (Figure 4-2). THUMPD3 knockdown was
performed by the Kouzarides lab and PhOxi treatment was performed by me in this

collaboration.
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Figure 4-2: Workflow of PhOxi-seq with wild-type (WT) and THUMPD3 knockdown
(methylase KD) of human lung cancer cells (A549).
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4.3. Results and discussion

4.3.1. PhOxi-seq can detect enzyme-dependent reduction in m?G

levels in tRNA

We first considered whether PhOxi-seq could be used to detect specific enzyme-
dependent sites of m?G within tRNAs isolated from human lung cancer cell line A549. |
previously used PhOxi-seq to identify m?G within tRNAs isolated from yeast.8 Other
works using mass spectrometry-coupled methods later showed that human THUMPD3
installs m?G at position 6 within specific tRNAs, including isodecoders tRNA-Gly-GCC-2
and tRNA-Gly-CCC-2. Importantly, m?Gs within these isodecoders was shown to be
significantly decreased by loss of THUMPD3.83 We first asked whether PhOxi-seq could
detect m?Gg within these particular tRNA isodecoders. To ensure accurate analysis of
m?Gs within the specific tRNA isodecoders, we designed specific primers for the
respective decoders (Figure 4-3a). THUMPD3 knockdown on human lung cell line A549
and RNA extraction were performed by the Kouzarides lab followed by PhOxi treatment
and sequencing performed by me. YAMAT-seq’® confirmed accurate targeting of the
relevant isodecoders (Figure 4-3b). Our data clearly show that PhOxi-seq detects m?Ge

within tRNA-Gly-GCC-2 (Figure 4-4a, WT) and tRNA-Gly-CCC-2 (Eigure 4-4c, WT).
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a tRNA-Gly-GCC primer : 3’ AGCTAAGGGCCGGTTACGT &'
tRNA-Gly-GCC-2 GCATGGGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCEGGAGGCC [T CGATTCCCGGCCCATGCA
tRNA-Gly-GCC-1 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCEGGAGGCC ITCGATTCCCGGCCAATGCA
tRNA-Gly-GCC-3 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCEGGAGGCC ITTGATTCCCGGCCAGTGCA
tRNA-Gly-GCC4 GCATAGGTGGTTCAGTGGTAGAATTCTTGCCTGCCACGCAGGAGGCCCAGETIITGATTCCTGGCCCATGCA
tRNA-Gly-GCC-5 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCATGCEGGCGGCC ITCGATTCCTGGCCAATGCA

QO 0e
H a3+

tRNA-GIly-CCC primer : 3’ AGCTAAGGGCCCGCCGCGT 5
tRNA-Gly-CCC-2 GCGCCGCTGGTGTAGTGGTATCATGCAAGATTCCCATTCTTGCGaCCCEGGTTCEGATTCCCGGECGECGCA
tRNA-Gly-CCC-1 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTCCCACGCGEGAGACCCGGGTTCAATTCCCGGCCAATGCA
tRNA-Gly-CCC-3 GCATTGGTGGTTCAATGGTAGAATTCTCGCCTCCCACGCAGGAGACCCAGGTTCGATTCCTGGCCAATGCA

1.0

tRNA-Gly-GCC-2
s tRNA-Gly-CCC-2
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Figure 4-3: a) Annealing of unique tRNA-Gly-GCC-2 RT-PCR primer to five tRNA-Gly-
GCC isodecoders and annealing of unique tRNA-Gly-CCC-2 RT-PCR primer to three
tRNA-Gly-CCC isodecoders. b) Reads acquired from YAMAT-seq were aligned to a
comprehensive set of nuclear-encoded cytoplasmic tRNA and mitochondrial tRNA
sequences. The top tRNAs that the reads were predominantly aligned to are depicted.
The data is illustrated as the proportion of reads, where 0 represents 0% and 1.0
signifies 100%. Error bars represent the mean + SD of 3 independent replicates (n=3).
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Next, we asked whether PhOxi-seq could identify THUMPD3-dependent sites of m?G
within the same tRNA isodecoders. We compared the sequencing error rates, following
blue light treatment (+BL) of RNA samples harvested from WT cells and THUMPD3-
depleted (AD3k.d.) cells. The data reveal significantly reduced sequencing error rates at
G6 of tRNA-Gly-GCC-2 (Figure 4-4a) and tRNA-Gly-CCC-2 (Figure 4-4c) in tRNA
samples isolated from THUMPD3-depleted cells, indicating that THUMPD3 catalyzes a
significant proportion of m?G at this site. Remaining m?G signal could result from
modifications installed by other guanine methylases. As expected with guanosine
oxidation pathways, we observed T and C substitutions as significant nucleotide

sequencing errors at known m?G positions (Figure 4-4b and 4-4d).
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Figure 4-4: THUMPD3-depletion in A549 lung cancer cells results in reduced m?Gg in
tRNA, detected via PhOxi-seq. a) & c) Plot representing sequencing error at G6 of
tRNA-Gly-GCC-2 and tRNA-Gly-CCC-2 with (+BL; blue) and without (-BL; red) blue-light
treatment. Two experimental groups represent control (WT) and THUMPD3-depleted
cell lines (D3k.d.). Error bars represent the mean + SD of 3 independent replicates
(n=3). Welch'’s t-test was used to assess the significance of changes in error rates at G6
on tRNA-Gly-GCC-2. ns - P >0.05, *-P <0.05, ** - P <0.01, ™ -P<0.001, ***-P <
0.0001. b) & d) Sequencing error data represented by the blue bars (+BL samples) were
deconvoluted into individual nucleotides. Respective proportion of reads corresponding
to main types of misincorporation — G — T substitution, G — C substitution, G - A
substitution, and single base deletion were plotted. Green and orange bars represent
WT and D3k.d. data, respectively. Error bars represent the mean + SD of 3 independent
replicates (n=3).
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Interestingly, in addition to the expected substitutions, another error type, G skipping, was
prevalent. This identified a novel type of sequencing error that can be used in future
analysis to detect genome-wide m?G distribution. Taken together, these findings highlight
PhOxi-seq as a technique capable of detecting enzyme-dependent sites of m?G within
tRNA. Furthermore, the unexpected error rate profile may prove helpful in identifying other
potential THUMPD3-dependent sites of m?G. Based on these findings, we decided to
explore whether PhOxi-seq could be used to detect m?G sites within the wider

transcriptome.

4.3.2. Utilising PhOxi-seq to detect m?G in other RNA species.

Our initial findings validate PhOxi-seq as an effective method of identifying enzyme-
dependent sites of m?G within specific tRNAs. However, its application and relevance to
mMRNA and other non-coding RNAs have not been explored. Based on my prior success
with tRNA and rRNA, we reasoned that blue light-induced photo-oxidation of m?G is
independent of RNA type. Therefore, to identify sites of m?G within other types of RNA, |
treated polyA+ enriched RNA provided by the Kouzarides lab with the same
photooxidation condition. Then, the Kouzarides lab subjected the resulting RNA libraries
to high-throughput sequencing. However, as PhOxi-seq has not previously been tested
on this class of RNA, the Kouzarides lab had to generate a unique bioinformatic pipeline

described in the experimental detail section.
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We leveraged PhOxi-seq and our novel bioinformatic pipeline to identify sites of m?G
within a human polyA+ enriched transcriptome isolated from A549 lung cancer cells.
Analysis of our tRNA data revealed that each m?G site treated with photooxidation
mutates to any base (although with different frequencies, Figure 4-4) or gets deleted.
Applying these characteristics where any change or deletion of Gs is scored within our
pipeline, we identified 381 potential THUMPD3-dependent sites of m2G within 298 distinct

polyA+ enriched RNAs.

Since multiple base substitutions and deletion signatures were observed at m?Gs in
tRNAs, we applied to the pipeline a requirement to further filter our hits for at least two
photooxidation induced mutational changes at the sites identified above in Figure 4-4.
This revealed 62 high confidence hits (Figure 4-5a). These m?G sites were distributed
across various mRNA regions, including exons (15%), introns (61%), 3’ UTRs (11%), and
5 UTR (2%) (Figure 4-5b). Interestingly, m?G sites were enriched within intronic regions.
This aligns well with the previously reported role of THUMPD3 in the regulation of RNA

splicing.8®
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Figure 4-5: a) Heatmap of high confidence THUMPD3-dependent m?G sites. Transcript
and location are plotted with difference in PhOxi-seq response in wild type A549 lung
cancer cells (AWT), difference in PhOxi-seq response in THUMPD3 knockdown A549

lung cancer cells (AD3k.d.), and the difference between the AWT and AD3 experiments
(A). The sequencing error is illustrated in percentage, where 0 is 0% and 1 represents

100%. b) Pie chart of the percentages of 62 top potential m?G sites that exhibit
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THUMPD3 dependency located across different genomic regions (exon, intron,
intergenic, 5 UTR, 3’ UTR).

Consistent with previous observations that elevated THUMPD3 is associated with cancer
phenotypes,? several potential m?G sites were located on oncogenic transcripts. A
notable example is integrin 4 subunit (ITGB4), which has been associated with several
cancer types, including lung carcinoma,® and showed a marked response in PhOxi-seq
for a potential m?G site in an exon location (Figure 4-6a). This signal was significantly
decreased for THUMPD3-depleted samples (Figure 4-6b). Another potential m?G site was
identified in the intron of A-kinase anchor protein 13 (AKAP13), which has been involved
with breast cancer.®® An increase in error was observed after PhOxi treatment, which was

largely resolved upon THUMPD3 knockdown (Eigure 4-6¢-d).
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Figure 4-6: Bar plot of guanosine error rates in WT cells with (+BL, depicted in blue)
and without (-BL, depicted in red) in THUMPD3-dependent sites a) ITGB4, c) AKAP13.
Plot representing guanosine error for the photooxidized samples (+BL) in WT and
THUMPD3 knockdown (D3k.d.) cells in b) ITGB4, d) AKAP13. Green bars indicate WT
cell lines and orange bars indicate THUMPD3 depleted cell line D3k.d. The sequencing
error is illustrated in percentage, where 0 is 0% and 1 represents 100%. Insert in graph:

tables indicating error rates at given m?G sites.

Several potential m?G sites appeared to be highly dependent on THUMPD3, such as that
observed in the intron of the E3 ligase Thyroid hormone receptor interactor 12 (TRIP12),
which experienced complete loss of photooxidation-mediated mutation in THUMPD3-

depleted cells (Figure 4-5a). Interestingly, TRIP12 is often mutated in lung

adenocarcinoma patients,®' and is known to regulate the extracellular matrix.? Notably,

our analysis also uncovered m?G sites within a well-characterised non-coding RNA,
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pseudogene of snRNA 7SK (RN7SKP80) (Eigure 4-7a-b). On the other hand, potential

m?G sites were observed in the 3' UTR of Zinc Finger Protein 587B (ZNF587B) (Figure

4-7¢-d). This gene is believed to have tumor suppressor activity in ovarian cancer.®?
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Figure 4-7: Bar plot of guanosine error rates in WT cells with (+BL, depicted in blue)
and without (-BL, depicted in red) in THUMPD3-dependent sites a) RN7SKP80, c)
ZNF587B. Plot representing guanosine error for the photooxidized samples (+BL) in WT
and THUMPD3 knockdown (D3k.d.) cells in b) RN7SKP80, d) ZNF587B. Green bars
indicate WT cell lines and orange bars indicate THUMPD3 depleted cell line D3k.d. The
sequencing error is illustrated in percentage, where 0 is 0% and 1 represents 100%.

Insert in graph: tables indicating error rates at given m?G sites.

Furthermore, we identified 2978 or 362 blue-light sensitive G sites (lower and higher
confidence hits, respectively), which are based on only WT samples. Additional sites that

were unaffected by THUMPD3 depletion suggest the presence of a THUMPD3-
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independent modification at these sites. For example, a potential THUMPD3-independent
m?G site is located in the mannose receptor C-type 2 transcript (MRC2), which does not

resolve photooxidation-induced error in THUMPDS3-depleted samples (Figure 4-8a-b).

Additionally, a THUMPD3-independent m?G modification potentially exists in contactin
associated protein-like 3 pseudogene 2 (CNTNAP3P2) shown by an increase in error

after PhOxi treatment, which is unaffected when THUMPD3 is targeted (Figure 4-8c-d).
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Figure 4-8: a) Plot representing guanosine error for the photooxidized samples (+BL) in
THUMPD3-independent site, MRC2. b) Bar plot of guanosine error rates in MRC2 for
the photo-oxidised samples (+BL) in WT and THUMPD3-depleted (AD3k.d.) cells. c)

Plot of guanosine error in THUMPD3-independent site, CNTNAP3P2, for samples with
(+BL) and without (-BL) blue-light treatment. d) Guanosine error rates in CNTNAP3P2
for the photo-oxidised samples (+BL) in WT and THUMPD3-depleted (AD3k.d.) cells.

Green bars indicate WT cell lines and orange bars indicate THUMPD3 depleted cell line
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(D3k.d). The sequencing error is illustrated in percentage, where 0 is 0% and 1

represents 100%. Insert in graph: tables indicating error rates at given m?G sites.

Finally, potential modifications not installed by THUMPD3 were identified in the intron of

tumor suppressor genes of Zinc finger homeobox 3 (ZFHX3) and CKLF like MARVEL

transmembrane domain containing 8 (CMTMS8). Their bar plots demonstrate largely

unresolved photooxidation-induced error when THUMPD3 is depleted (Figure 4-9). Both

ZFHX3 and CMTM8 are associated with various cancers including NSCLC.%*% Such

sites may be under the control of another m?G methylases, such as THUMPD2 or

TRMT11.
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Figure 4-9: a) Plot representing guanosine error for the photooxidized samples (+BL) in
THUMPD3-independent site, ZFHX3. b) Bar plot of guanosine error rates in ZFHXS3 for

93



the photo-oxidised samples (+BL) in WT and THUMPD3-depleted (AD3k.d.) cells. c)
Plot of guanosine error in THUMPD3-independent site, CMTMS8, for samples with (+BL)
and without (-BL) blue-light treatment. d) Guanosine error rates in CMTMS for the
photo-oxidised samples (+BL) in WT and THUMPD3-depleted (AD3k.d.) cells. Green
bars indicate WT cell lines and orange bars indicate THUMPD3 depleted cell line
(D3k.d). The sequencing error is illustrated in percentage, where 0 is 0% and 1
represents 100%. Insert in graph: tables indicating error rates at given m?G sites.

44. Conclusion

Given the lack of tools to study m?G, the Kouzarides lab and | sought to establish high
confidence m?G sites by knocking down THUMPD3, a known methyltransferase for m*G
installation in RNA. Our analysis of THUMPD3-dependent sites of m?G within tRNA
indicated that PhOxi-seq could detect such sites with a good signal-to-noise ratio.
Developing an advanced bioinformatic pipeline to identify enzyme-dependent sites of
modification was essential for analyzing other types of RNA. At present, the identification
of specific sites of a given modification within less abundant RNAs remains a significant
challenge within the RNA modification community. Consequently, we applied PhOxi-seq
coupled with our novel bioinformatic pipeline to provide the first map of numerous
potential sites of m?G, including THUMPD3-dependent and independent targets, within
polyA+ enriched RNA from A549 lung cancer cells. It is likely that our initial list of m?G-
modified sites within transcripts represents a significant underestimate of the true number.
This is largely because of inherent limitations in our ability to differentiate signal-to-noise

in our analyses. To increase this ratio, future approaches could include depletion of other
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m?G methyltransferases, either singularly or in combination. In summary, these findings
emphasize the diverse landscape of m?G within the transcriptome. Many of these
transcripts are involved in human diseases, especially cancer, which is of particular note
due to the association of THUMPD3 with human cancers. Additionally, we anticipate that
these data will provide a valuable resource for other researchers in the field and support

seminal studies on the role of m2G in human health and disease.

4.5. Experimental details

4.5.1. Cell culture media, reagents, and maintenance

All cell culture was carried out under sterile conditions in a standard laminar flow hood.
Human cell lines were maintained in filter top flasks or culture dishes and cultured in
DMEM (Gibco), 10% [v/v] FBS growth media. A549 cell line was grown in DMEM
supplemented with 1x penicillin-streptomycin (pen-strep) antibiotics and 10% [v/v] fetal
bovine serum (FBS). Cells were grown at 37 °C, 5% [v/v] CO,, and were maintained at >
80% viability. Cells were passaged every 3-5 days and seeded at 1 x 10° live cells per
mL. Cells were passaged using conventional cell culture techniques. The maximum
number of passages was 20 before a new vial of cells was revived. Tests for mycoplasma

contamination were carried out every month or when a new vial of cells was revived.
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4.5.2. Lentiviral production and infection

The LentiCRISPR v2 system was used to generate CRISPR/Cas9 knockout cell lines of
RNA methyltransferase THUMPD3.%¢ The ’all-in-one’ pLKO-Tet-On system was used to
generate inducible shRNA-mediated THUMPD3 knockdowns.®-8 Constructs carrying
sgRNAs and shRNAs are listed in Table 4-1. A549 cells were seeded onto L-polylysine (1
pug/mL) coated 10 cm dishes 24 hours prior to transfection in antibiotic-free DMEM media
with 10% [v/v] FCS. Cells were 80% confluent on the day of transfection. To produce
lentiviral particles, cells were transfected using 42 yL FUGENE® 4K Transfection Reagent
(Promega, E5911) with 6 pg of lentiCRISPR v2 or pLKO-Tet-On constructs together with
3.5 pug psPAX2 (Addgene, 12260) and 4 ug pCMV-VSV-G (Addgene, 8454). 16 hours
later, the media was exchanged for fresh media. 48 hours post-infection, virus particles
were harvested and sterile filtered using 0.45 pm syringe filters (Millipore). Aliquots of

lentiviral supernatants were stored at -70 °C.

Target cells (A549) were then transduced with the virus with polybrene (8 pg/mL) to
increase the efficiency of transduction. 48 hours after infection transduced cells were
selected for by treatment with puromycin (1 pg/mL). To induce expression of shRNAs, 10-
100 ng/mL doxycycline was added to the media and the cells were incubated for 4-8 days

to allow adequate expression of the shRNA.
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4.5.3. Total RNA extraction with DNase treatment

Approximately 108 cells were homogenized in 1 mL QIAzol lysis reagent (QIAGEN).
Homogenates were incubated for 5 minutes at room temperature. RNA was
supplemented with chloroform (0.2 mL per 1 mL of QlAzol) and vigorously shaken for 20
seconds. After 3 minutes incubation at room temperature, homogenates were centrifuged
at 12000 g for 15 minutes, at 4 °C. The aqueous (top) phase was carefully removed and
transferred to a new RNase-free tube. 1.5 volumes of 100% EtOH were added. RNA was
purified using a RNeasy Mini Kit (QIAGEN, 74104) with an additional step of DNase
digestion after the first wash following the RNase-Free DNase Set protocol (QIAGEN,
79254). After the washes, columns were centrifuged for an additional 2 minutes to remove
residual washing buffer. RNA was eluted with 30-50 pL of RNase-free water. RNA
concentrations were measured using a Nanodrop spectrophotometer (Thermo Fisher) or

Qubit BR RNA (Thermo Fisher, Q10211). RNA was stored at -70 °C until further use.

Table 4-1: Plasmids used to generate CRISPR KO and shRNA-inducible knockdown
cells.

Name Vector Insert

sgscr 1lentiCRISPR v2  fwd - CACCGGCGAGGTATTCGGCTCCGCG
rev - AAACCGCGGAGCCGAATACCTCGCC

sgD3 #3  lentiCRISPR v2  fwd - CACCGCGCAAGAGGCCAATGGAGTG
rev - AAACCACTCCATTGGCCTCTTGCGC

shscr pLKO-Tet-On fwd - CCGGCCTAAGGTTAAGTCGCCCTCGCTC
GAGCGAGGGCGACTTAACCTTAGGTTTIT
rev - AATTAAAAACCTAAGGTTAAGTCGCCCTCG
CTCGAGCGAGGGCGACTTAACCTTAGG

shD3 #1  pLKO-Tet-On fwd - CCGGCCTGAAGGAATGAAGCATTAT
CTCGAGATAATGCTTCATTCCTTCAGGTTTTT
rev - AATTAAAAACCTGAAGGAATGAAGCATTAT
CTCGAGATAATGCTTCATTCCTTCAGG
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4.5.4. Purification of small and large RNA fractions

RNA Clean & Concentrator kits (ZYMO RESEARCH, R1013 or R1017) were used to
separate small (< 200nt) and large (> 200nt) RNA fractions, following the manufacturer’s
instructions. RNA concentration was determined using a QubitTM RNA HS Assay Kit

(Thermo Fisher, Q32855). RNA was stored at -70 °C until needed.
4.5.5. PhOxi-seq on tRNA

A549 CRISPR/Cas9 targeted KO cell lines (sgscr and sgD3 #3, Table 1) were grown to
70-80% confluency. Cells were then harvested by scraping and pellets. Total RNA was

then extracted from the cells as described above (Section 4.5.3.). Next, the small RNA

fraction was purified (Section 4.5.4.) and subjected to blue light induced photo-oxidation

described in chapter 2. Primers that specifically amplify tRNA-Gly-GCC-2 and tRNA-Gly-
CCC-2 were used prior to YAMAT-seq?®. Three biological replicates were included for each

treatment. Bioinformatic analysis was performed as described in Section 4.5.7.

4.5.6. PhOxi-seq using mRNA as a template

A549 cell lines harboring shRNA vectors (shscr and shD3 #1, Table 1) were seeded into
15 cm dishes. shRNA expression was induced by doxycycline for 8 days. Cell pellets were
collected, and total RNA was extracted as described above. Photooxidation was
performed as described in chapter 2. rRNA HMR Removal Kit (Qiagen, 334386) was used

in conjunction with NEXTFLEX® Rapid Directional RNA-Seq Kit 2.0 (PerkinElmer, NOVA-
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5198-02) to deplete rRNA and perform whole transcriptome analysis according to the
manufacturer’s instructions. The RNA quality was assessed using an RNA Screen Tape
(Agilent, 5067-5576) analyzed on a 4200 TapeStation System (Agilent, G2991BA). The
NEXTFLEX® Rapid Directional RNA-Seq Kit 2.0 protocol was followed to perform all the
remaining steps for library construction steps. The final multiplexed library, with an
average size of 350-550 bp (at 10-20 nM) was submitted for 150 bp, paired-end
sequencing on an lllumina NovaSeq® instrument. To ensure deep sequencing, a
maximum of six samples was sequenced at each time. 120 GB of raw data were obtained
per multiplexed library. Bioinformatic analyses was performed as describe in Section

4.5.7.

4.5.7. Data analysis

4.5.7.1. tRNA sequencing analysis

4.5.7.1.1. Data processing

Read quality was assessed using FastQC (v0.11.9)%. Reads were then filtered to include
reads between 103 and 123 base pair (bp) long (113+ 10 bp) using custom bash (v5.0.17)
scripts. Then reads were filtered to include mature tRNA reads that end in ‘GGA’ or CCA

using custom bash scripts.

Filtered reads were then aligned to the tRNA reference sequence using bwa-mem

(v0.7.17)19° with parameters -t 32 -w 20. Then, aligned reads were filtered to include only
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primarily mapped reads using samtools (v1.10)'%" view with parameter -F 260. Hard-
clipped reads were also removed using samtools. The filtered reads were then sorted and
indexed using samtools. The proportion of different bases or indels at each nucleotide
position of the tRNA sequence for aligned reads of each tRNA isodecoder type were

summarised using bam-readcount (v1.0.1)'%2,
4.5.7.2. tRNA reference sequence

A comprehensive and non-repetitive set of reference sequences of tRNAs was
constructed. It consists of isodecoder sequences of high confidence mature nuclear-
encoded cytoplasmic tRNA genes (n=432) from GtRNAdb'®® and mitochondrial tRNA

genes (n=28) from tRNAdb'%4.

4.5.7.3. PhOxi-seq pipeline based on transcriptome-wide analysis

4.5.7.3.1. Data processing

Adapter sequences were trimmed from 150bp paired-end reads using Trimmomatic
(v0.40-rc1)'%, Filtered reads were aligned using STAR (v2.7.10a)'% two-pass mode with
alignment parameters -- outFilterMultimapNmax 20 --alignSJoverhangMin & --
alignSJDBoverhangMin 3 --outFilterMismatchNmax 999 --
outFilterMismatchNoverReadLmax 1.0 --alignintronMin 21 --sjdbOverhang 149 --
alignintronMax 1000000 --alignMatesGapMax 1000000. Aligned reads were then filtered

to include only primarily mapped reads using samtools (v1.10) view with parameter -F
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260. Biological replicates (n=3) for treated and untreated samples were merged
respectively using samtools merge. Reads spanning introns was reformatted using
SplitNCigarReads from GATK (v4.3.0.0)'%". The variant calling was performed for merged
reads using bcftools (v1.16) mpileup with parameters --max-depth 1000000 and bcftools
call under multiallelic mode'®® with parameters —multiallelic-caller —variants-only. The
resulting vcf file containing variant information was processed using bedtools (v2.30.0)"9
intersect program to obtain bed file of genomic regions with variant calls. bam-readcount
(v1.0.1). The subsequent analysis and plotting were performed using custom Python

(v3.8) scripts.

4.5.7.3.2. Data exploration

As a relatively crude overview of the data to determine if THUMPD3 depletion affected
error rates in a subset of reads, we calculated density plots of variant allele frequency
(VAF) data distribution for each sample (Figure 4-10). The overall distribution of variant
allele frequency (VAF) data of variant sites from bcftools (with non-zero depth in all
replicates) (n=1192693) was investigated. VAF data encompasses single-nucleotide
polymorphism (SNPs) and other single-nucleotide variations from the reference genome
(i.e., sequencing error rates). The plots clearly show reduction of variant sites with VAF
values between 0.1 and 0.5 upon THUMPDS depletion. These data are consistent with

loss of blue-light induced changes at sites of m*G when THUMPD3 is targeted.
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Figure 4-10: a) Overview of PhOxi-seq pipeline on the whole transcriptome. Main steps
of the pipeline were presented in flowchart, involving steps of read processing,
alignment, variant calling, and downstream analysis. Software involved at each step
were labelled on the left and coloured purple, percentage of reads processed at each
step and number of variant sites were labelled on the right. The conditions of filtering
step coloured in red could be found in Figure 4-12b. The detailed description, rationale
and quality control steps of the pipeline could be found in experimental detail section. b)
Representative density plots from one biological replicate illustrating overall distribution
of variant allele frequency (VAF) data of variant sites of representative replicate from
each experiment group (control cell line (WT) with and without BL (+BL) treatment,
THUMPD3 depleted cell line (D3k.d.) £BL treatment). The y-axis of the density curve is
density and the area under the curve gives the percentage. The x-axis ranges from 0-1,
representing the VAF data, which here indicates the proportion of reads that do not
match the reference genome at each variant site. The consistent pattern in the plots
with two peaks corresponds to specific sets of data: one peak with VAF values (x-axis)
approaching 1 represents mostly SNPs; one with VAF values approaching 0 could be
mostly noises. The VAF data in this plot covers variant sites from the variant calling step

that show non-zero depth in all replicates (n=1192693).
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We next assessed the relationship between VAF of each sample. Our analysis revealed
that blue light-treated RNA from WT cells exhibited the greatest differences from all other
samples (Figure 4-11a). When only the top high confidence targets were considered, this

difference was even more pronounced (Figure 4-11b), which is consistent with the

expected higher sequencing error rate in samples with intact m?G prior to THUMPD3
depletion. Overall, our findings suggest that PhOxi-treatment induces sequencing error
rates that are largely resolved upon THUMPD3 depletion, underscoring the utility and

effectiveness of PhOxi-seq in identifying enzyme-dependent m?G.
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Figure 4-11: a) Heatmap based on Pearson Correlation coefficient of VAF data

between samples. The VAF data here covers variant sites that show non-zero depth in

all replicates (n=1192693). b) Heatmap of the sample-to-sample distances based on

Euclidean distance measure for sequencing error rates of top potential m?G sites (n=62)

of all samples. A hierarchical clustering was also performed based on the sample

distances and presented in the plot.
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4.5.7.3.3. Filtering conditions for potential m?G sites

At the end of the bioinformatic pipeline, prior to the target identification, we analyzed
whether low sequencing depth leads to more uncertainty of the quantification of low
abundance genes, as might be expected from results in both bulk and single-cell
sequencing technologies. We therefore calculated the average sequencing depth of all
SNPs across different samples. These were then sorted, in ascending order, by coverage
and we employed a non-overlapping sliding window approach to group the sorted sites
into ‘windows’. We then calculated Spearman’s rank correlation coefficient and plotted
the data as shown in Figure 4-12a. This shows that correlations increase with higher
sequencing depth, providing a rationale to filter out low read depth regions (indicated by
dotted line, Figure 4-12a; read depth = 50). This cut-off was included in our downstream

analysis of the pipeline data (Figure 4-12b).
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Figure 4-12: a) Line plot of average Spearman’s rank correlation coefficient (y-axis) of

VAF data for each replicate with the rest of the replicates of increasing windows of
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average sequencing coverage (x-axis). The y-axis ranges from 0.4 — 1. The closer the
coefficient values to 1, the stronger the correlation, and vice versa. The average
sequencing depth of all ‘SNP’ sites across different samples were calculated. These
sites are then sorted, in ascending order, by coverage. A non-overlapping sliding
window approach is used to group the sorted sites where sites with similar coverage in
a specific range are grouped into ‘windows’. For each window (e.g. log(depth): 2-3, 3-4,
log here represents natural log), the Spearman’s rank correlation of the VAF data of the
sites from the sample of interest and all other samples is calculated and averaged, and
plotted. A vertical dotted line indicates the depth threshold of 50 at x-axis = 3.912
(log(50)). b) Table illustrating filtering conditions for potential m*G modified sites during
downstream analysis. The conditions include threshold on sequencing coverage, levels

of sequencing error changes in different groups and presence of multiallelic signature.

The filtering conditions to select top potential m?G modified sites focused on these

aspects:

1. Sufficient sequencing coverage

2. Multiallelic or deletion signature

3. Levels of sequencing errors increase upon BL treatment

4. Levels of sequencing errors decrease upon enzyme depletion

The conditions are based on the observation of positive samples in tRNA sequence
analysis. The cutoff of levels of sequencing errors it follows the assumptions that the

levels of sequencing errors in control samples should be low since m?G is non base pair-
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disrupting modification. Also, the cutoff of sequencing error rate is non-stringent allowing

more potential sites to be included.

4.5.7.3.4. Analysis of sequencing error rates of target sites

For selected top targets of the whole transcriptome, sequencing error data of genomic
region 50bp upstream to 50bp downstream of the target site were extracted and
guanosine errors were plotted. In terms of tRNAs, sequencing error data of complete
sequence positions of tRNAs were extracted and guanosine errors were plotted.
Specifically, sequencing error changes upon BL treatment in control samples and
sequencing error changes upon enzyme depletion in BL treated samples were plotted in

bar plots.

In tRNA sequencing analysis, levels of main error types (G — T substitution, G - C
substitution, G — A substitution, and single base deletion) with and without BL treatment
in control samples were plotted respectively for two tRNA isodecoder types (tRNA-Gly-

GCC-2 and tRNA-Gly-CCC-2).

Replicate information was also included when analysing sequencing error levels at
nucleotide level. In this case, reads from individual replicate were processed through the
pipeline instead of merging the replicates for deeper sequencing coverage and used for

downstream analysis.
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4.5.7.4. Statistical analysis

Welch'’s t-test was used to compare sequencing error levels (n=3) between different
samples given that the data follows the normality assumption but with different variances.
Pearson’s correlation coefficients were calculated to compare the similarity of overall VAF
data between samples. Spearman’s rank correlation coefficient was calculated for

similarity between data of different samples in different depth ranges.

4.5.7.5. Code availability

The computational methods and custom scripts are available in the following Github

repository: https://github.com/hanzhang2000/PhOxi_seq_transcriptome code.
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Chapter 5: Conclusions and future directions
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Since their discovery in the early 1950s, over 160 post-transcriptional RNA modifications
have been identified across all life.>® These chemical modifications play a crucial role in
regulating a wide range of RNA functions and governing key cellular processes such as
splicing, translation, and degradation.#” Unsurprisingly, increasing evidence highlights
their critical involvement in the development of human diseases, especially cancer.
Sequencing technologies capable of mapping these RNA modifications at single-
nucleotide resolution across the transcriptome have been essential in advancing

functional studies.*®

Throughout my research journey, | developed a photo-oxidative sequencing method
(PhOxi-seq) to identify modifications such as N?-methylated guanosines at the single-
nucleotide level. Using the chemoselectivity of photoredox chemistry, this technique can
selectively photooxidize N?-methylguanosine (m?G) and N?, N?-dimethylguanosine
(m2%G) in the presence of other RNA bases. | demonstrated that read-through errors
significantly increase for m?G due to the proposed formation of m?-1z and m2-OG, which
pair with G and A, respectively. In contrast, errors were reduced for m?G, with a 6-fold
increase in read-through resulting from the formation of m?-1z. The method proved

compatible with a variety of sequence contexts in both tRNA and rRNA.

| further assessed the limitations of PhOxi-seq as a potential tool to detect N'-methylated
guanosine (m'G). Although m'G sites in RNA are sensitive to photooxidation and can be
cleanly detected with PhOxi-seq, the same mutations occur at m?G and the variability in

read-through errors in the no-photooxidation control posed a potential confounding
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factor. To address this limitation in the future, the use of an m'G demethylase to fully

convert m'G into G will be studied.

In collaboration with the Kouzarides lab at the University of Cambridge (UK), we adapted
PhOxi-seq to provide evidence for potential sites of THUMPD3-dependent m?G in various
RNA species isolated from a human lung cancer cell line (A549). In combination with the
knockdown of an m?G methyltransferase, THUMPD3, PhOxi-seq confirmed known sites
of THUMPD3-dependent m?G in tRNA. The scope of PhOxi-seq was further extended to
detect THUMPD3-dependent m?G sites in other RNA species. This method serves as a
starting point for further studies to validate the presence of m?G in other human RNA
types. In addition, our approach identified many other potential m?G sites within the
transcriptome, which appear not to be installed by THUMPD3. These sites represent a
useful database for researchers in the RNA modification field, particularly those analysing

THUMPDZ2 and TRMT11.

In summary, PhOxi-seq detects methylated guanosine such as m'G, m?G, and m%G in
various RNA types using photoredox chemistry. In collaboration with the Kouzarides lab,
PhOxi-seq was optimized to unveil numerous potential sites of m?G, including THUMPD3-
dependent and independent targets, across mRNA regions and non-coding RNAs. These
findings highlight the diverse landscape of m?G within the transcriptome. Additionally, the
data will support further exploration into the functional implications of these modified sites

in RNA biology.
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