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Abstract

Biologically derived, chemically-modified RNA molecules represent a ubiquitously present but
poorly understood area of molecular biology. Despite this substantive gap in our understanding
RNA methyltransferase (RNM'T) enzymes, which catalyse the formation of RNA 5mC, are
mcredibly highly conserved, while disrupting m6A metabolism leads to early embryo lethality.
This mdicates that these modifications perform critical, but poorly characterised, biological

functions.

Knockout experiments and clinical pathologies guided the work of this thesis in which RNA
methylation was analysed 1n the context of epigenetic reprogramming and devlopment more
broadly. LC-MS/MS-based quantification techniques were developed to achieve unparalleled
sensitivity and applied to i vivo and 1 vitro murine models of epigenetic reprogramming and
developmental progression through pluripotency. While an mtrinsic link between DNA 5mdC
methylation and RNA 5mC methylation was refuted, 5mC changes dynamically along a naive-
primed pluripptent axis, in line with the redistribution of NOP2 and NSUNZ2 within the cell.
While these RNMTs are strongly linked m bringing about these changes in 5mC abundance,
mcreased expression of NSUNZ2 in the trophectoderm at the blastocyst stage uncovers a potential

lineage specific role for this enzyme.

This study reveals hitherto undiscovered connections between RNA methylation and the
developmental transitions into and out of pluripotency. Better understanding of these molecular
processes may ultimately lead mnto more refined and effective approaches to regenerative

medicine.
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1.1 RNA modifications

1.1.1 Historical perspectives on RNA modifications

It has been known for over half a century that RNA molecules undergo post-transcriptional
modifications (Fleissner et al., 1962). Along with their discovery mn vivo, this early work by
Fleissner et al. found RNA methylation to be the result of enzyme-catalysed reactions, indicating
biological relevance (Fleissner et al., 1962). To date, more than 140 different RNA chemical
modifications have been detected i vivo (Machnicka et al., 2013, Limbach et al., 1994). Despite
this, very little 1s known about what functions each of these modifications may have, save for a
few notable exemptions, such as methylation at the 7° position of guanosine (m7G) n the cap
structure of mRNA. This modification enables the cap binding protein (CBP) to bind to and
protect the mRNA from exoribonucleases, and thus 1s crucial to enable appreciable levels of
mRNA stability (Furuichi et al., 1977, Zhang et al., 2015). This exemplifies the capacity for
chemical modifications to RNA nucleotides to be mntegral to biological processes, as opposed to

merely being passive marks.

One of the fundamental reasons behind the paucity of functional understanding of these varied
post-transcriptional modifications has been the lack of sufficiently sensitive quantitative methods
for detecting them. In order to fully characterise such modifications their molarity alone 1s not
sufficient, and so nucleotide-resolution sequencing strategies have been both intellectually
necessary, and historically lacking. The technical barriers have been falling one by one as
mstrumentation and applied techniques have advanced, leading to a resurgence in the RNA
modification field. The summation of functional biochemical modifications to RNA has been
termed the epitranscriptome. It may at first appear to be a relatively novel area of research, with
notable advancement over the past decade. However, its origins of study begin in the cradle of

molecular biology less than a decade after Watson and Crick’s discovery of the DNA double
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helix (Watson et al., 1953). Itis therefore pertinent to consider where intellectual gaps exist due
to fundamental, immutable science, and where their inaccessibility 1s a temporary reflection of
the techniques of the day. Method development and refinement form a critical arm of the

research contained within this thesis.

The functionality of DNA modifications 1s much better understood than those present in RNA,
with methylation to the 5 position of the cytosine base (bmdC) used as an epigenetic mark
denoting silenced regions of eukaryotic genomes (Beyersmann, 2000). Such 5mdC
modifications are crucial for mammalian cells to stably adopt differentiated states, and as such
their erasure 1s a defining aspect of cellular reprogramming in both the zygote and primordial
germ line (Hill et al., 2014 Sheaffer et al., 2014, Messerschmidt et al., 2014). However, DNA
methylation 1s not as ubiquitous as one may be tempted to think. There are numerous examples
of multicellular eukaryotes which lack DNA methylation, with both the de novo and maintenance
DNA methyltransferases (DNMTs) having been lost on a number of separate occasions during
the evolution of the nematode phylum for example (Rosi¢ et al., 2018). This phenomenon is
exemplified for animal, plant and fungal lineages in figure 1.1A. In stark contrast there are no
known organisms which lack RNA methyltransferases (RNMTs) (Motorin et al., 2010). RNMT's
are a subgroup of methyltransferase enzymes which catalyse the formation of RNA -
methyleytosine (bmC). 5-Methyleytosine 1s particularly intriguing, as it is the only modification,
along with its oxidised derivatives, observed in both the DNA and RNA of higher eukaryotes
(Fig 1.2) (Machnicka et al., 2013, Motorin et al., 2010). Elucidating the function of these highly
conserved enzymes, and how they may be connected to DNA 5mdC, formed the genesis of this

thesis.
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Fig. 1.1 RNMTs are the evolutionary precursors of DNMTs.

(A) Dnmts were categorized into the Dnmtl (1, colored red), Dnmt3 (3, colored blue), Chromomethylase (C, colored orange) and Dim2 families (D, colored green).
The Dnmtl enzymes were subdivided mto animal, plant and fungi subgroups, Dnmt3 enzymes mnto the canonical Dnmt3 enzymes and the plant DRM enzymes.
Lineages that underwent loss of Dnmt2 are indicated by green crosses. Chromomethylases are related to Dnmtl enzyme appearing in the plant lineage only (indicated
by the orange arrow). Dnmt3 enzymes have been lost in the fungal lineage (indicated by a blue cross) (Jurkowski et al., 2011). Figure reproduced under a Creative
Commons Attribution (CC-BY) Licence.

(B) Evolutionary model of relationships between pyrimidine-C5 MTases. The model of major functional innovations in the evolution of pyrimidine-C5 methylation.
Key residues in motifs IV and VI are indicated. Thick lines indicate the hypothetical direction of evolution (Bujnicki et al., 2004). Figure reproduced with permission
of the rights holder, Oxford University Press.

(O) Consensus model of the phylogeny of DNA methyltransferases and Dnmt2 (Jurkowski et al., 2011). Figure reproduced under a Creative Commons Attribution
(CC-BY) Licence.
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Fig. 1.2 RNMT-catalysed RNA 5-methylcytidine formation.

Mammalian 5mC-specific RNMTs are shown catalysing the formation of 5-methylcytidine through skeletal

formulae. Wiggly lines indicate the extended ribonucleotide backbone.

1.1.2 On the origin of RNA methyltransferases (RNMTs) - convergent activity of
DNA and RNA methyltransferases

To date DNA and RNA methyltransferases have been considered to be largely functionally
distinct in terms of their targets along the boundaries indicated by their nomenclature. Analyses
of structural homology and conserved motifs between these two families of SAM-dependent
methyltransferases mmplicate evolutionary divergence of DNMTs from RNMTs of the
Rossmann-fold-like superfamily (Bujnicki et al., 2004) (Fig. 1.1B). Furthermore, a combination
of phylogenetic and biochemical analyses indicates that the RNMT DNMT2/ TRDMT1 (DNA
methyltransferase 2/ tRNA aspartic acid methyltransferase 1), originally thought to be a DNMT,
arose from a DNMT that underwent a change in substrate specificity such that the enzyme

methylates tRNA but has minimal activity towards DNA (Jurkowski et al., 2008, Jurkowski et al.,
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2011, Goll et al., 2006) (Fig. 1.1C). TRDMT1 1s required to maintain the stability of its substrate
tRNAs to prevent stress-induced cleavage, revealing a biological function as a RNA
methyltransferase (Schaefer et al., 2010). Residual DNMT2/ TRDMT1 DNA methylation
activity may remain, and so DNMT2/ TRDMT1 could have the capacity to methylate cytosines
i either polynucleotide (Phalke et al, 2009). Indeed, knockout of 7rdmtl in Drosophila
reduces DNA methylation levels, with the mobility of retrotransposons enhanced. This 1s
consistent not only with TRDMT1 methylating both DNA and RNA, but with methylation of

each target showing biological significance (Phalke et al, 2009).

The canonical maintenance methyltransferase DNMT'1 acts to methylate hemimethylated CpGs
to enable the faithful transfer of 5'mdC during DNA synthesis. Previous experiments have shown
that DNMT'1 can not only bind to all 3 possible double-stranded polynucleotide chains (RNA-
RNA, RNA-DNA and DNA-DNA), but also displays methyltransferase activity towards all three
substrates (P. Hajkova, personal communication). Furthermore, the RNMT NSUNZ2 has been
shown to methylate hemi-methylated DNA 11 vitro (Sakita-Suto et al., 2007). The distinctions
between 5mC, 5mdC and their respective deposition machineries may thus be more blurred
than previously appreciated. In such a scenario, it 1s conceivable that there may be some form
of functional interplay between RNA 5mC and DNA 5mdC. The global reduction of DNA
methylation during epigenetic reprogramming may lead to a loosening of silencing of repressed
regions of the genome. Could a potential ink between methylation of DNA and RNA allow the
repressive effects of DNA methylation to be somehow retained through this transitory period of
low DNA methylation? This merely represents one potential model for how a link between
these two modifications may bear out function during this reprogramming environment of low

DNA methylation.



1.1.3 The biological significance of the RNA methyltransferase enzymes

Limited work has been performed so far on RNMTs in mammalian systems, however from a
combination of disease models and mouse knockouts potential roles for these enzymes can be
hypothesised. These shall be considered for each member of this family of enzymes in

accordance with currently published experimental data.

1.1.3.1 Nucleolar protein 2 (NOP2) is necessary for cellular proliferation

The RNMT NOP2, also known as NOL1, NOP120, NSUNI1, and P120, was initially discovered
as a proliferation associated nucleolar antigen present in Hel.a cells (Freeman et al., 1988).
NOP2 overexpression correlates sufficiently strongly with poor cancer prognoses that it was
developed as a diagnostic biomarker (Sajjo et al., 2001; Bantis et al., 2004). Knockdown of Nop2
mn early mouse embryos results in embryos which are unable to develop beyond the morula stage
to form a blastocyst (Cui et al., 2016). NOP2’s expression is typically restricted to proliferating
cells and 1s cell cycle dependent, with a large mncrease in both protein and mRNA levels during
late G1 and S phase in human fibroblasts (Fonagy et al., 1993). Knockdown of NopZin mitogen-
mduced human lymphocytes is sufficient to cause cell cycle arrest, with cells unable to enter S
phase (Fonagy et al., 1992). This 1s most likely due to defective Cyclin D2 expression, as NOP2
can bind to the Cyclin D2 promoter T-cell factor binding element to induce gene expression
(Hong et al., 2016). NopZis also found i the locus responsible for Cri du chat syndrome, a
severe disorder associated with improper brain development (Wu et al., 2005).

1.1.3.2 NOP2/Sun domain protein 2 (NSUNZ2) and TRDMT'1 are synergistically involved in
differentiation

NSUNZ2 is one of the most upregulated Myc response genes, its expression correlates to cancer

aggressiveness, and null mutants have been found to suffer from mental underdevelopment and



microcephaly (Okamoto et al., 2012; Frye et al., 2006; Martinez et al., 2012). Nsun2knockout
mice show reduced size and exhibit a failure of terminal differentiation in a number of tissues,
particularly in the gonads, causing sterility in males (Blanco et al., 2011). 7rdmtl knockout mice
display no phenotype, however differentiation defects are observed in zebrafish knockouts in a
number of organs including the retina, liver, and brain (Goll et al., 2006, Rai et al., 2007). Double
knockouts of 7rdmtl and Nsun2 do however result in a high proportion of synthetic lethality
and more severe phenotypes when compared at E.14.5 (Tuorto etal., 2012) (Fig. 1.3A, Fig. 1.3B).
These experiments and clinical observations indicate key roles of the developmental and
proliferative programs and would be consistent with phenotypes related to differentiation, which
1s intrinsically linked to DNA methylation. Additionally, they show that there 1s a capacity for
compensation between the RNMTs, which may mask the phenotypes observed in single

enzymatic mutants.

il Dt :NSun2 Control

Dami2™ " NSun2 Control

Fig. 1.3 Morphology of 7Trdmtl! and Nsunf2 double knockout embryos reveal global
developmental defects

(A) Newborn Dnmt2”~;NSun2™ mice are smaller than control littermates (shown: Dnmt2 "3;NSun2™), and
many do not develop a milk spot (indicated by the arrowhead) and die at P3. Adapted from Tuorto et al., 2012.
Figure reproduced with permission of the rights holder, Springer Nature Publishing AG.

(B) Ventral view of tail and right leg from littermates. Mineralized bones and cartilage are stained red and blue,
respectively. Arrowheads indicate incomplete skeleton ossification in newborn Dnmt2 ";NSun2”™ mice
(control littermate shown: Dnmt2 " ;NSun2"™). Adapted from Tuorto et al., 2012. Figure reproduced with
permission of the rights holder, Springer Nature Publishing AG.



1.1.3.3 NOP2/Sun domain protein 4 (NSUN4) and NOP2/Sun domain protein 5 (NSUND)

are mvolved m mitochondrial translation and neurodevelopment respectively.

NSUNU4 is located in the mitochondria where it methylates 12S ribosomal RNA at the cytosine
911 position and forms a complex with mitochondnal elongation factor 4 (mtEF4) which is
required to assemble the small mitochondrial ribosomal subunit (Metodiev et al., 2014). Global
knockout of Nsun4 causes embryonic lethality, while tissue-specific knockout in the heart results
i cardiomyopathy and dysfunctional mitochondria (Metodiev et al., 2014). The electron
transport chain complexes with proteins encoded on the mitochondrial DNA showed substantial
downregulation at 20 weeks post-birth (complex I, III, IV and V), while the entirely genomic
DNA encoded complex II showed increased expression (Metodiev et al., 2014).  This 1s
consistent with a global mitochondrial translation defect. NsunJis located 1in the locus associated
with Williams-Beuren syndrome (WBS), a neurodevelopmental disorder characterised by a
range of cognitive deficiencies and mild to moderate mental retardation (Li et al., 2009). These
phenotypes can be recapitulated in mice upon the knockdown of Nsuns (Zhang et al., 2019).
While the function of NSUN4 appears restricted to its location within the mitochondria, NSUNJ)
knockout displays a developmental phenotype, as has been outlined above for NOP2, NSUNZ2,

and TRDMTT1.

1.1.3.4 RNA methyltransferases in chromatin reorganisation

Perhaps most surprisingly, last year multiple RNMT's were implicated in causing chromatin
reorganisation in leukaemia cell lines. Such a role would enable information transfer from RNA
transcripts to genomic loci, which to date has only been robustly characterised for piRNA 1n
germ cells, R-loops, and i the plant RNA-dependent RNA polymerase (Aravin et al. 2008,
Skourti-Stathaki et al., 2014, Xie et al., 2004). NOP2 interacts with BRD4 to directly recruit RNA

polymerase II, while NOP2/Sun domain protein 3 (NSUN3) and DNMT1 iteract with
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hnRNPK to recruit the transcription factors GATA binding protein 1 (GATAT1) and SPI1/PU.1
(Fig. 1.4A, Fig. 1.4B) (Cheng et al., 2018). These transcription factors in turn recruit positive
transcription elongation factor b (pTEFb) which leads to RNA polymerase II assembly and
catalyses the phosphorylation of DRB sensitivity inducing factor (DSIF), negative elongation
factor (NELF), and RNA polymerase C-terminal domain (CTD) serine-2, which are necessary
to form elongating RNA pol II (Fig. 1.4B) (Cheng et al., 2018, Zhou et al., 2012, Yamada et al.,
2006). These conclusions were drawn primarily from a number of western blotting, IP, co-1P
and colocalisation IF experiments. While this does not provide enough information to confirm
the temporal sequence outlined above, it emphasises the capacity for a system with these defined

mteractions to enable crosstalk between epitranscriptomics and transcription and epigenetics

(Cheng et al., 2018).

A common theme in the phenotypic characterisations of RNMT knockouts, and disease mapped
to these genomic loci, are proliferative and differentiation defects. This would be consistent with
functionalities related to the DNMTs, although not uniquely so. This body of work analyses the
role of these RNMTs in relation to DNA methylation and development more broadly. The
RNA context in which 5mC modifications occur 1s critical to understand their biological

significance, with the current understanding reviewed below.
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Fig. 1.4 The reported roles of RNMTs in chromatin reorganisation and transcriptional
upregulation.

Representations of NSUN3/DNMT-associated (A) and NOP2-associated (B) active chromatin structure. (A)
NSUNS8 and DNMT' interact with hnRNPK to recruit the transcription factors GATAI and SPI1/PU.1 (B)
NOP2 mteracts with BRD4 to directly recruit RNA polymerase II. Adapted from Cheng et al., 2018. Figure
reproduced under a Creative Commons Attribution (CC-BY) Licence.

1.1.4 RNA 5mC characterisation

Having considered the phenotypic outcomes of disrupting RNMT function, it 1s critical to

address the current understanding of where these modifications exist within the transcriptome.

This shall be introduced by considering each RNA subtype in turn in which 5mC has been

characterised to date.

1.1.4.1 5mC in rRNA maturation and stress response
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The functionality of 5mC in RNA 1s generally unknown, however there are a number of
characterised instances in which biological significance can be ascribed. Depletion of NOP2 in
yeast has been shown to inhibit 27S pre-rRNA maturation, which may help to explain its
expression through the cell cycle, correlaion with cell proliferation, and lethality upon
knockdown in early mouse embryos (Hong et al., 1997).  NSUNJ, much like NOP2 and
NSUN4, has been found to methylate rRNA (Sharma et al., 2013). Loss of conserved NSUNS-
dependent RNA 5mC methylation at C2278 in 5. cerevisiaec 25S TRNA upon Nsun) knockout
has been shown to alter the conformation adopted in this region of the ribosome, which is in
close proximity to the peptidyl transferase site (Schosserer et al., 2015). This results in reduced
translational fidelity and a shift towards favoured recruitment of oxidative stress-responsive
mRNAs to the polysome resulting in a phenotypic increase in stress resistant and organismal life
expectancy in C. elegens, S. cerevisiae, and D. melanogaster upon Nsun) knockdown
(Schosserer et al., 2015). Extended lifespan can be recapitulated by mutation of C2278 to
G2278, which cannot be methylated by NSUNJ, indicating that the presence or absence of the

SHmC modification is the mechanistic determiant of the phenotype (Schosserer et al., 2015).

1.1.4.2 5mC 1in tRNA stability, genetic recoding, and stress response

Much of the functional characterisaion of RNA 5mC has focused on tRNAs, which 1s in no
small part due to the high abundance of these transcripts, coupled with historical technical
limitations. More recently crosslinking experiments involving NSUN2 and TRDMT1 showed a
large proportion of the detected catalytic activity to be directed to tRNA species in HEK293 and
Hel.a cell lines respectively (Hussain et al., 2013; Khoddamu, et al., 2013). The mature form of
a leucine-inserting amber suppressor tRNA (SUP53) in . cerevisiae 1s known to have a 5mC
modification at the wobble position (bmC34). Genetic manipulation to generate a
hypomethylated tRNA at the wobble position correlates with reduced repressor function,
mdicating a possible role for 5'mC in codon recognition and translational efficiency (Strobel et
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al., 1986). Developing from this, it has been recently postulated that RNA 5mC could form the
basis for genetic recoding, as has been observed in E.coli for whom an insertion of 5mC into

the 2nd position of the CCC codon led to 4% recoding of proline to leucine (Hoernes et al.,

2016).

Post-transcriptional cytosine methylation functionalities in tRNA are not necessarily restricted to
bases within the anticodon. Chemically synthesised anticodon stem and loop regions of ..
cerevisiae phenylalanine tRNA with or without 5mC on position C40 have been shown to adopt
different conformations in a Mg2 -dependent manner by both circular dichroism and NMR
(Chen et al., 1993). This indicates that modifications located outside of the anticodon loop have
the potential to modulate functionality. Such effects have been observed for other nucleoside
modifications, such as 7mG. Reversible hydride transfer to 7mG47 results in a less ordered
tRNA structure, while E.coli tRNA™ and tRNA™ display a 10-fold variation in Vmax for the
aminoacyl reaction with/without n vitro methylation to 7mG10 (Arcar et al., 1978; Roe et al.,

1973; Bjork et al., 1987).

1Trdmtl and Nsunfsingle and double knockout mice display reduced steady state levels of their
specific target tRNAs, which correlates with a reduction of the rate of protein synthesis. This
shows 5mC to be critical for the stability of certain tRNAs (Tuorto et al., 2012). Further, 5mC-
dependent tRNA cleavage has been described as a mechanism for global translational control in
stress conditions. NSUNZ2 1s inhibited by UV irradiation in human and mouse keratinocytes.
Upon UV exposure, or direct NsunZknockout, tRNAs are cleaved to produce 5’ and 3’ products
leading to reduced translation rates and activation of stress pathways. The 5’ fragments generated
can mhibit translation if transfected or injected mto unstressed cells, indicating that they have
direct translational inhibition properties separate from a simple reduction of the steady-state level
of full-length tRNAs (Yamasaki et al., 2009; Blanco et al., 2014). Similar behaviour has been

detailed for TRDMT1, with overexpression of TRDMT1 in mouse embryonic fibroblasts

32



(MEFs) sufficient to protect against tRNA cleavage in stress conditions (Schaefer et al., 2010).
Ribosome profiling has shown that Nsun2 knockdown, as well as subsequent rescue, i hair
follicle stem cells (HFSCs) alter ribosome occupancy along mRNA transcripts. Differing changes
were observed when genes mn separate gene ontology categories were assessed. NSUNZ2
knockdown appears to act to upregulate translation of stress response, DNA damage response,
and cell migration genes, while downregulating genes for differentiation, endocytosis, and
keratinization (Blanco et al., 2016). This highlights nuances m the global 5mC-dependent
translation control mechanism, whereby translational efficiency is broadly reduced by stress
and/or NSUN2 downregulation, however the translation of genes associated with the stress
response are increased.

1.1.4.3 5mC in mRNA regulates transcript degradation, translational efficiency, and nuclear

export.

Although tRNAs represent the most enriched RNA subtype for 5mC, ~83% of all candidate
dHmC sites 1dentified in a comprehensive bisulphite screen of the Hela transcriptome were
located within mRNAs (Squires et al., 2012). mRNA therefore represents the bulk of HmC
candidate modification sites, despite being proportionally devoid of this modification. Within
mRNAs there 1s an enrichment of 5mC in both the 5’ and 3’ untranslated regions (UTRs)
compared to values predicted from a random distribution. A substantial association between
HmC candidate sites in mRNA and Argonaute I-IV protein binding sites was observed (Squires
etal., 2012). This hink to miRNA regulation through enrichment in Argonaute binding sites was
found by correlating the bisulphite data to photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation sequencing (PAR-CLIP-seq) data (Squires et al., 2012,
Hafner et al., 2010). Separate later work using bisulphite sequencing of poly(A) RNA from
mouse ES cells (mESCs) and brain tissue has shown a similar pattern of enrichment of 5mC in

mRNA 5 UTRs and 3’ UTRs, but additionally characterised an enrichment in 5mC around the
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translation start site (Amort et al. 2017). However, this dataset indicates a depletion of 5mC in
miRNA target sites, contrasting with the work of Squires et al. (Amort et al. 2017).
Computational prediction of RNA binding protein sites was used by these investigators, and so
a disconnect between experimentally-verified crosslinking analysis and these computational
predictions may explain the discrepancies (Murakami et al., 2010). Together, these results
mdicate that 5mC 1s very widespread i mRNA, particularly in the 5’ and 3’ UTRS, and may
have regulatory roles, potentially associated with the miRNA pathway. More recently higher
stringency workflows for identifying mRNA 5mC sites in human and mouse tissue have been
developed (Huang et al., 2019). This methodology substantially reduces the number of mRNA
d>mC sites detected. However, as with all analyses of this nature, there 1s an open philosophical
question over the balance between stringency and false negative rate. The sites that are excluded
by this more stringent protocol are enriched for being clustered together, which could be argued
to imply that they were mitially called due to incomplete conversion during bisulphite treatment
(Huang et al., 2019, Amort et al. 2017, Squires et al., 2012). Equally clusters of lowly methylated
sites could be bona fide targets which require a lower frequency of methylation on any given site
relative to 1solated HmC sites to give functionality. Further study 1s necessary to understand the
contextual relevance of 5'mC modifications in mRNA, which could then be fed back to guide
stringency cut-offs. These developments only further highlight how techniques and analysis

pipelines continue to open up novel avenues through which to study RNA modifications.

By interactome capture NOP2, NSUN2, NSUN4, and NSUNJ all bind to mRNA, and so
represent putative RNMT's to mRNA (Castello et al., 2012). Indeed, knockdown of NSUN2
reduces mRNA 5mC methylation with NSUN2-dependent mRNA 5mC sites sharing sequence
and predicted structural motif information with NSUN2-dependent tRNA modifications (Huang
et al., 2019). Interestingly, in Hela cells knockdown of NSUNZ2, but not NOP2, NSUNJ) or

NOP2/Sun domain protein 6 (NSUNO) resulted in lower 5mC levels in mRNA, but not total
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RNA, as quantified by LC-MS/MS (Yang et al., 2017). Both mn vitro and 1n vivo experiments
have found that 5mC in the coding sequence of mRNAs results in reduced translational efficiency
by western blotting and ribosome profiling respectively (Hoernes et al., 2016, Huang et al., 2019).
This has been observed both for the addition of 5mC to novel mRNA sites i vitro and the
removal of biological mRNA 5mC sites through Nsun2knockout (Hoernes et al., 2016, Huang
et al., 2019). When transcript-specific analyses have been performed for mRNAs, modulation
of transcript decay and translation efficiency of pl6INK4 and Cdk/ mRNA respectively have
been observed (Zhang et al., 2012; Xing et al., 2015). Interestingly, NSUN2 binding appears to
mcrease the half-life of pl6INK4 mRNA without changing translation efficiency, while NSUN2-
catalysed methylation of CDKI1 mRNA at C1733 increases translation efficiency without
changing mRNA half-life. Methylated-individual-nucleotide-resolution  crosslinking and
mmmunoprecipitation (miCLIP) does not support a direct role for NSUN2-mediated 5mC in
regulation of the steady-state levels of its targets, however it would be nteresting to apply this

methodology to some of the other RNMTs and their respective targets (Hussain et al., 2013).

A specific mRNA 5mC reader protein has recently been discovered and characterised. Aly/REF
export factor (ALYREF) 1s a nuclear export protein which preferentially binds to 5mC-containing
mRNAs (Yang et al., 2017). In shuttling between nucleus and cytoplasm it facilitates targeted
mRNAs export in a NSUN2-dependent manner (Yang et al., 2017). Rescue of ALFREF and
NSUN2-target mRNA retention in the nucleus upon Nsunf2 knockout can be mduced by
expression of wild type, but not catalytically dead, NSUN2 (Yang et al., 2017). Non-methylated
RNAs were not altered in their localisation by either knockdown of Nsun2 or Alyref, while
NSUNZ-independent 5mC containing mRNAs still showed increased nuclear retention upon
Alyref knockdown (Yang et al., 2017). Together, this strongly implicates 5mC mRNA
methylation in the proper regulation of ALFREF-dependent mRNA export from the nucleus

(Yang et al., 2017).



RNA 5mC modifications have been functionally characterised in rRNAs, tRNAs, and mRNAs
and ascribed to a number of functionalities including translational regulation as well as transcript

biogenesis and decay. The putative functions of RNA 5mC are summarised i Table 1.1.

1.1.5 RNA 5hmC characterisation

1.1.5.1 RNA 5hmC 1s mtrinsically linked to 5mC

HmC functionalities may be dynamically controlled via erasure as well as deposition. Such a
mechanism may not be as necessary in RNA as it 1s in DNA, as RNA degradation could
theoretically bring about an analogous effect. Although insights into the presence or nature of
such a hypothesised erasure are lacking, hypothesis can be driven indirectly from the emerging,
complex picture of the mechanism(s) by which 5mdC 1s removed during epigenetic
reprogramming, which is/are in themselves poorly understood (Hill et al., 2014). The ten eleven
translocation (TET) family of dioxygenases can catalyse the sequential oxidation of HmdC to
hydroxymethyl- (5hmdC), formyl- (5fdC) and finally carboxyldeoxycytidine (5cadC) (Tahiliani et
al., 2009; Ito et al., 2011; He et al., 2011). It has been shown that 5cadC may be removed by
thymine-DNA glycosylase (TDG) as part of the base excision DNA repair (BER) pathway, and
thus this has been proposed as a possible mechanism of DNA demethylation (Hajkova et al.,
2010, He et al., 2011, Santos et al., 2013). The expression of both TET1 and TETZ2 increases
during epigenetic reprogramming, which lends credence to such a theory (Koh et al., 2011).
However, in both zygotic and primordial germ cell epigenetic reprogramming, the kinetics of the
appearance of S)hmdC do not facilitate such a mechanism as the primary route for the loss of
SmdC, (Hill et al., 2014, Amouroux et al., 2016, Hill et al., 2018). Rather, it appears that 5hmC
and 1ts derivatives act to prevent the immediate reestablishment of DNA methylation, and thus

are required to maintain, but not to generate, DNA hypomethylation (Amouroux et al., 2016;
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Hill et al., 2018). Interestingly, 5hmC, 5fC, and 5caC has also been observed in RNA and found
to be generated by the same TET enzymes (Fig. 1.5) (Fu et al., 2014). 5hmC is intrinsically
linked to its obligatory precursor 5mC, and thus it 1s important to investigate the biochemistry of

both to fully understand the role(s) of either.
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Fig. 1.5 TET-mediated oxidations of RNA 5mC.
The progressive oxidation of RNA 5-methylcytosine to S-carboxycytidine 1s displayed in skeletal formulae. Wiggly lines indicate the extended ribonucleotide

backbone.
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1.1.5.2 RNA 5hmC increases translational efficiency and 1s necessary for development

It has been shown that RNA 5hmC 1s present in all 3 domains of life and 1s enriched 40-fold in
polyA-containing RNA in HEK193T cells (Huber et al.,, 2015). Considering the relative
depletion of the amount of 5mC in mRNA species, such a strong enrichment of 5hmC in poly(A)
RNA may indicate that 5mC within mRNAs 1s more dynamic than those mn tRNA or rRNA.
This would be an interesting scenario if verified, as dynamic deposition and erasure would
strongly implicate regulatory function(s). Within the brain tissue of mice 5hmC 1s present at
~0.001% of total cytosine nucleosides in RNA, representing a 1000x less abundant modification
than 5mC (Huber et al.,, 2015). The abundance of 5hmC in RNA correlates with RNAs
displaying high ribosome occupancy in Drosophila S2 cells (Delatte et al., 2016). Furthermore,
m vitro translation of i wvitro transcribed RNAs containing unmodified, methylated, or
hydroxylated luciferase mRNA show that, while RNA 5mC reduces protein yield, 5hmC can
restore translation levels to that of the unmodified transcript (Delatte et al., 2016). Accordingly,
ShmC may function through the removal, or masking, of 5mC in addition to any functions
actively brought about by 5hmC. The phenotypes displayed by 7etknockouts will be summation
of the effects of the loss of DNA 5hmdC and RNA 5hmC. To date, the closest experiments to
disentangling these processes i an organism-wide context 1s work performed i drosophila.
Drosophila display very low levels of DNA methylation and so knockout of the single 7etlocus
i their genome has been hypothesised to mostly result in RNA 5hmC defects over 5hmdC
effects. This thought process does involve a rather critical assumption. This results from
drosophila containing non-zero 5mdC DNA methylation (~0.196-0.6% of all deoxycytidine),
which has been found to have functionality in maintaining retrotransposon silencing (Lyko et al.,
2000, Gowher et al., 2000, Phalke et al, 2009). With this caveat in mind, when the 7etlocus 1s
deleted drosophila embryos are no longer viable and are unable to progress beyond the late

pupal stage. Tissue specific knockouts in neurones, heart muscle, and ovaries showed TET to
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be required for proper development and function of each of these structures (Wang et al., 2018).
"This indicates, but not conclusively so, that RNA 5hmC is necessary for multiple developmental

programs. The putative functions of RNA 5hmC are summarised in Table 1.1.

Although by no means comprehensive, what information 1s known about the role(s) of RNA
SHmC and 5hmC give interesting tentative signs of potential key regulators of gene expression
circuitry. How these emerging functions, among other possible roles, may be perturbed during

epigenetic reprogramming could elucidate further their significance mn vivo.

1.1.6 RNA m6A writers, readers, and erasers: The molecular machinery used to

regulate differentiation

6-methyladenine (m6A) is an enzymatically generated RNA modification whose biological
function is substantially better understood than 5-methylcytidine. In mammalian cells it is
present at approximately 3.0 sites per mRNA transcript (Perry et al., 1975). Reader, writer, and
eraser proteins for m6A have been characterised, providing the full repertoire of machinery for

a reversible modification whose presence can confer function (Fig 1.6) (Liu et al., 2014).

1.1.6.1 Writers of mbA

The methyltransferase-like (METTL) family of enzymes specifically methylate the nitrogen at
the 6’ position of the adenine heterocyclic purine ring. The first members of this family to be
found to generate this modification i1 vivo are METTLS and METTL14, which form a complex
with the adapter proteins and splicing factors WTAP and KIAA1429 (Wang et al., 2014, Liu et
al.,, 2014, Schwartz et al., 2014). The two methyltransferases display synergistic effects on
enzymatic activity, with crystal structures showing METTL14 acting as an RNA-binding platform
with METTL3 acting as the primary catalytic core (Wang et al., 2016, Liu et al 2014). The

METTL3-METTLI14 complex has been shown to act co-transcriptionally on thousands of
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transcripts in mouse ES cells (Knuckles et al., 2017). Targeting 1s primarily to protein coding
transcripts, although non-coding transcripts including snoRNA and miRNA clusters were also
identified. Intriguingly, modulation of miRNA seed sequence has been shown to be sufficient
to direct ab mitio m6A deposition by METTL3 in multiple mouse stem cell lines, indicating a

miRNA-directed targeting mode for m6A methylation (Chen et al., 2015).
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Fig 1.6 Reversible m6A methylation.

The reversible formation of 6-methyladenosine is displayed. The METTL3-METTL14-WTAP complex 1s
shown as a major m6A reader complex, along with the SAM cofactor required for methylation. A demethylase
enzyme 1s displayed catalysing the reverse reaction. Adapted from Liu et al., 2014. Figure reproduced with
permission of the rights holder, Springer Nature Publishing AG.

Knockdown and sequencing experiments found that WTAP-dependent and WTAP-
mdependent m6A sites exist in pJs3 knockout mouse embryonic fibroblasts (Schwartz et al.,
2014). This indicated that other m6A methyltransferases beyond METTL3 and METTLI14

were acting i these cells. METTLI6 has more recently been discovered as a m6A
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methyltransferase which is key to S-Adenosylmethionine (SAM) homeostasis (Pendleton et al.,
2017). The mRNA of the SAM synthases gene MatZa 1s methylated by METTL16 on intronic
hairpins in high SAM conditions to prevent U6 RNA recruitment leading to intron retention and
transcript degradation (Pendleton et al. 2017, Shima et al., 2017). The crystal structure of the N-
terminal region of METTL16 has been determined, revealing a positive-charged groove used to
bind substrate RNA opening towards a disordered region around the catalyic NPPF motif
(Mendel et al., 2018). Using the MatZa hairpin structure as a bona fide 2 vivo METTL16 target
sequence-structure context, multiple 2 vitro RNA transcripts were designed to probe the critical
aspect for METTL16-dependent methylation (Mendel et al., 2018). A stem region of at least 3
base pairs 1s necessary for activity, which can be rescued by an artificial C/G stem, indicating that
RNA secondary structure 1s necessary for target recognition in addition to the primary nonamer
sequence (UACAGAGAA) around the methylation site (Mendel et al., 2018). With this
mformation, it would be interesting to use in silico approaches to attempt to identify METTL16
target sites throughout the transcriptome. Comparing the wild type, heterozygous and
homozygous Mettll 6’ knockout transcriptomes of E2.5 and E3.5 mice reveals only 4 genes with
altered transcript abundance at E2.5, which increases to several thousand one day later at E3.5
(Mendel et al., 2018). One of the 4 genes 1s the previously identified target MatZa gene encoding
SAM synthase (Mendel et al., 2018). It is likely that the transcript-wide defects and following
lethality are therefore directed by secondary effects of Mett/l 6 knockdown, namely a lower SAM
pool leading to methylation defects throughout all cellular processes (including protein, DNA,
RNA, and metabolites). Clearly at least two distinct m6A deposition machineries exist in

mammals targeting separate sites within the transcriptome.

1.1.6.2 Functions of m6A independent of reader proteins

N6-methyladenosine 1s enriched within the 5’ and 3" UTR regions, 3’-most exons and long exons
m mRNA (Meyer et al., 2012, Dominissini et al., 2012, Batista et al., 2014, Schwartz et al., 2014,
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Ke et al., 2015). It has been shown that there is an increase in m6A around the stop codons,
opening up the possibility of a role in translational termination (Meyer et al., 2012, Dominissini
et al., 2012, Batista et al., 2014, Schwartz et al., 2014). However, more recent conflicting results

indicate that this may not necessarily be the case (Ke et al., 2015).

Small alkyl groups such as methyl groups are not very reactive. However, through steric
hindrance m6A can disrupt base-pairing and so alter RNA secondary structure.  Such
thermodynamic destabilisation has been observed by UV melting for in vitro synthesised m6A
modified RNAs (Kierzek et al., 2003). This has been shown to be the basis of a riboswitch in
the IncRNA metastasis-associated lung adenocarcinoma transcript (MALAT1) in HeLa cells (Liu
et al., 2015). m6A-dependent disruption of a hairpin with an opposing U-tract 1s necessary for
heterogeneous nuclear ribonucleoprotein C (HNRNPC) binding (Liu et al., 2015, Ehresmann
et al., 1987). This indicates that functionality of this modification does not always require direct
mb6A-reader proteins, but rather effects can be brought about through secondary structure

modulation.

Additionally, the characterised METTL enzymes do not exist in 1solation 2 vivo. As has been
outlined above, METTL3 and METTL14 exist in a complex with WTAP and KIAA1429, both
of which acts as splicing factors (Wang et al., 2014, Liu et al., 2014, Schwartz et al., 2014). Given
that this complex has been shown to be co-transcriptionally recruited to pre-mRNA transcripts,
it 1s consistent that m6A methylation may be mvolved i regulating splicing transcriptome-wide
(Knuckles et al., 2017). METTLI6 contains two vertebrate conserved regions (VCRs) which are
sufficient to direct splicing of the MatZa pre-mRNA transcript, while HA-tagged METTL16
mteraction partners, as identified by mass spectrometry, are enriched for splicing factors
(Pendleton et al., 2017, Mendel et al., 2018). While METTLI6 may also modulate splicing,
there are no global splicing defects upon homozygous Mett/16 knockout in E3.5 mouse embryos

(Mendel et al., 2018).
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1.1.6.2 Readers of m6A

YT521-B homology domain family 1 (YTHDF1), YI'HDF2, and YI'HDCI1 have all been
identified as proteins capable of m6A-dependent RNA binding. YTHDFI1 increases
translational efficiency by recruiting mRNA contaiming m6A to the ribosome and by increasing
the rate of mitiation of translation (Wang et al., 2015). YT'HDF2 has been shown to bind over
3000 transcripts in HelLa cells with a sequence preference for GIm6A)C (Wang et al., 2014). It
binds m6A-containing mRNAs with its C-terminal domain, while the N-terminal domain acts to
recruit RNA to processing bodies for degradation by decapping and subsequent 5°-3’
exoribonuclease activity (Wang et al., 2014, Sheth et al., 2003). YTHDF2 also recruits the
carbon catabolite repressor 4 - negative on TATA (CCR4-NO'T) deadenylase complex which
removes the polyA taill of mRNAs leaving them exposed to 3’-5" exoribonucleases (Du et al.,
2016). At first glance, YTHDF1 and YTHDF?2 appear to have functionally antagonistic effects,
resulting in either increased translation efficiency or decreased half-lives of m6A containing
mRNAs, particularly as they show ~509% overlap in their target transcripts (Wang et al., 2015).
However, what this system represents 1s a collection of machineries which enables transient sharp
spikes 1 protein output. This would be of benefit for rapid cell state transitions (Fig. 1.7). The

current thinking in the field has coalesced around this as a unifying theory.
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Fig 1.7 RNA m6A modifications groups transcripts for cell fate transitions.

Developmental programs require rapid switching of the cellular transcriptome to bring about phenotypic
changes. Recruitment of transcription factors can alter the composition of the RNA pool by introducing required
transcripts to the existent mRNA population. In order to accomplish more rapid transitions, cells utilize the
existing pool of mRNA, tuning their expression accordingly. One way to differentiate distinct groups of mRNAs
from a diverse cellular pool is by post-transcriptional modification by m°’A, which marks transcripts for
Incorporation into pathways for translation and decay (Roundtree et al., 2017). Figure adapted with permission of
the rights holder, Elsevier.

YTH domain-containing protein 1 (YTHDCI1) 1s a m6A reader protein which has been
mplicated in METTL16-catalysed methylation sites, as well as those generated by METTLS.
YTHDCI is responsible for the degradation of MatZa mRNA with m6A modifications on the
mtronic region retained in high SAM conditions (Shima et al., 2017). As the Mat2a transcript
encodes the SAM synthase gene, this provides negative feedback to regulate the levels of SAM
synthase m the cell. X-nactive specific transcript (XIST) IncRNA has at least 78 m6A
modification sites which are necessary for the repression of the mactive X chromosome (Patil et
al., 2016). In accordance with this knockdown of METTLS3 resulted in derepression of genes
such as Gpc4 and Awrx. This 1s brought about by YI'HDCI binding to these sites, with tethering
of YI'HDCI1 to XIST sufficient to rescue X inactivation upon loss of m6A by METTL3
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knockdown (Patil et al., 2016). These experiments show YI'HDCI recruitment to be necessary
and sufficient for X chromosome nactivation. It follows that YTHDCI, targeted to XIST RNA
through the abundant m6A modifications on this transcript, facilitates transcription repression.
This may be through recruiting transcriptional silencers, which would be m keeping with miCLIP
experiments showing SHARP, LBR, HNRNPU and HNRNPK to all be YTHDCI interaction

partners (Xiao et al. 2016).

1.1.6.3 Erasers of m6A

N¢methyladenosine can be enzymatically removed from transcripts, giving rise to a truly
reversible modification. Both Fat mass and obesity-associated protein (FT'O) and AlkB homolog
5 (ALKBH)Y) have been characterised as RNA m6A demethylases in vitro and in vivo (Jia et al.,
2011, Zheng et al., 2013, Chot et al., 2019). Fto knockout mice only display altered m6A peaks
m a subset of peaks by methylation RNA mmmunoprecipitation sequencing (MeRIP-Seq),
mdicating that the majority of m6A sites in the transcriptome are not targeted by this demethylase
(Hess et al., 2013). This could mechanistically explain why SNPs in the Fro locus 16q12.2
correlate with increased body mass index (BMI) and obesity risk in multiple human populations
as opposed to phenotypes related to differentiation, development, and germline formation, as 1s
the case for the majority of m6A readers, writers and erasers (Saunders et al., 2007, Fawcett et
al., 2010). These SNPs have attracted research interest, as they map to one of the highest ranking
bins for obesity and BMI i a comprehensive human genome-wide association study (GWAS)
mvolving over 31,000 individuals (Saunders et al., 2007, Fawcett et al., 2010). Mutations in the
gene are strongly correlated with increased energy intake, but not to any variations in expenditure,
leading to the prevailing view that feeding behaviour is a key element to FT'O deficiency-induced

adiposity (Haupt et al., 2009). In rats upregulation of FT'O in the hypothalamus, which 1s
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responsible for feeding behaviour, reduced food intake, while knockdown increased food intake
(Tung et al., 2010). However, mouse work has shown Ffo mutants to display reduced adipose
tissue, which argues against this model n this system (Fischer et al., 2009). In spite of this, fasting
i mice has been shown to decrease F1'O expression, which appears to be consistent with the rat
and human mutants (Stratigopoulos et al., 2008, Fawcett et al., 2010). The link between FTO
and whole-body metabolism has come under scrutiny since the finding that the intronic
mutations most commonly found by genome-wide association studies lie within a distal enhancer
modulating Iroquois 3 (Irxd) gene expression (Smemo et al., 2014). As such, the phenotypes
observed due to these mutations are most likely due to increased expression of IRX-3, as IRX-3
deficient mice show reduced body weight (Smemo et al., 2014). While this may provide an
alternative explanation for the metabolic phenotypes upon FT'O mutation, it does not explain
what 1s observed upon FTO overexpression or modulation in the expression of the gene upon
fasting (Tung et al., 2010, Stratigopoulos et al., 2008, Fawcett et al., 2010). Further work 1s
required to further elucidate this branch of m6A metabolism, however FT'O-responsive sites are
the minority within the transcriptome, and so this represents the exception as opposed to the

rule.

ALKBHS is located primarily in the nucleus, indicating that its m6A demethylating role 1s most
likely direct to maturing and nuclear-retained transcripts (Zheng et al., 2013). Knockdown of
Alkbhs mcreases the rate of mRNA transport to the cytoplasm, strongly implicating it in the
regulation of mRNA nuclear export (Zheng et al., 2013). It has been identified in demethylating
the forkhead box M1 (Foxm ) mRNA in the presence of antisense RNA to the Foxm/ transcript
(Zhang et al., 2017). Conceptually, RNA-RNA hybrids may from between the sense and
antisense transcripts, potentially revealing that ALKBHY5 demethylation requires hitherto
unidentified structural elements. Although exciting, further work 1s required to fully understand

the targeting and regulation of ALKBH) in RNA m6A demethylation. This is particularly
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pertinent, as ALKBHJ) knockdown has been shown to slightly reduce the number of m6A sites
mn glioblastoma stem cells from 39,288 and 34,415, which contradicts the expected results for the
knockdown of a demethylase (Zhang et al., 2017). This should be caveated that the m6A RIP-
seq method used in this paper 1s relatively noisy. A less controversial conclusion would be that
i this experiment ALKBHS knockdown does not result in a clear increase in m6A sites, which,
regardless, leads to an incomplete understanding of ALKBH function which necessitates

additional experimentation.

1.1.7 RNA m6A 1s required for early embryo development

METTLS 1s critical for development, as knockout of Mettl3 causes early embryo lethality at the
post-implantation stage (Geula et al., 2015). Embryos were found to be morphologically normal
at E3.5, but by E8.5 embryos had been absorbed (Geula et al., 2015). At E6.5 early differentiation
markers had not been activated in the mutants, while knockout of Mett/3 in mESCs and
knockdown in human embryonic stem cells (hIESCs) resulted in cells that are unable, or inhibited
m differentiation respectively (Batista et al., 2014, Geula et al., 2015). Meul3 knockout stem
cells also result in the formation of larger, poorly differentiated teratomas 12 vivo relative to wild
type cells (Geula et al., 2015). Separate work has found knockdown of Mettl3 or Mettll4 in
mESCs to have the opposite effect, leading to the loss of self-renewal (Wang et al., 2014).
Heterozygous Mettl16'knockout mice are viable and fertile (Mendel et al., 2018). Homozygous
mutants appear at Mendelian frequencies at E2.5 and E3.5, but are completely absent by E8.5,
mdicating embryonic lethality upon complete gene loss (Mendel et al., 2018). Furthermore, in
the unicellular S.cerevisiae loss of m6A results mn sporulation defects indicating a role in

gametogenesis (Clancy et al., 2002).

In mice YTTHDF2 is required for female, but not male fertility, governing oocyte quality (Ivanona

et al., 2017). Maternally mherited YI'HDF2 1s necessary to clear maternal transcripts and
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facilitate the transition from maternal to zygotic gene expression in the early zygote (Ivanona et
al., 2017). As aresult, YthdfZknockout females give rise to zygotes that do not progress beyond
the 2 cell stage (Fig. 1.8) (Ivanona et al., 2017). YI'HDCI 1s necessary for embryo, sperm and
oocyte development (Kasowitz et al., 2018). Global knockouts in mice are unable to reach E11.5
while conditional knockouts mn oocytes result in major alternative splicing and alternative

polyadenylation defects (Kasowitz et al., 2018).
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Fig 1.8 YTHDF2 is required to clear maternal mRNAs and permit zygotic development
beyond the 2-cell stage.

Adapted from Ivanova et al., 2017. Figure reproduced with permission of the rights holder, Elsevier. Figure
reproduced under a Creative Commons Attribution (CC-BY) Licence.
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Although ubiquitously expressed, ALKBHJ 1s particularly highly expressed in the testes of mice
(Zheng et al., 2013). Alkbhs knockout mice are viable, but show defects in spermatogenesis,
with reduced sperm number and mobility leading to low fertility rates (Zheng et al., 2013).
Knockdown of ALKBHJ in glhoblastoma stem cells reduces the self-renewing potential of the
cells, as determined by tumoursphere formation frequency m a limiting dilution assay and
reduced expression of octamer-binding transcription factor 4 (OCT4), Nanog, and SOX2 (Zhang
et al., 2017). In line with this, separate work has shown that knockdown of ALKBHJ) enhances
differentiation mm muscle and adipose models (Chor et al., 2019). Additionally, Alkbhs

knockdown reduced the proliferation rate of the ghoblastoma stem cells (Zhang et al., 2017).

From the genetic manipulation performed to date it 1s clear that a number of proteins involved
i m6A metabolism are critical to viability. Further, phenotypes observed prior to lethality are
mtrinsically Iinked to development, gametogenesis, self-renewal and differentiation.  6-
Methyladenosine is found in 11 of 17 core pluripotency genes, in addition to many other genes
and ncRNAs implicated i pluripotency in mESCs (Fig 1.9) (Batista et al., 2014, Young, 2011).
The half-life of m6A modified transcripts in mESCs 1s on average 2.5 hours shorter than for non-
modified transcripts, while the upregulation of expression upon Mettl3 knockout 1s positively
correlated with the number of m6A sites in wild type mESCs (Batista et al., 2014, Geula et al.,
2015). From this it can be hypothesised that the mechanism by which m6A metabolism proteins
alter differentiation 1s by increasing the RNA decay rate of key pluripotency genes. This 1s
consistent with mcreased global levels of m6A m muscle and adipose differentiaion models
(Chor et al., 2019). It may well be the case that m6A acts to destabilise the transcriptional
networks of a particular cell state to make any given transition more likely, as increasing or
decreasing m6A has been shown to improve or reduce the efficiency of 1 vitro dedifferentiation
of MEFs respectively (Chen et al., 2015). The role of RNA m6A in development is better

characterised than RNA 5mC. However, questions remain, such as how these modifications



may act during epigenetic reprogramming. The functions of RNA m6A are summarised in Table

I.1.
Modification | Function RNA target Reference
5mC Increased / decreased mRNA Xing et al., 2015,Strobel
translational efficeincy et al., 1986, Hoernes et
al., 2016, Huang et al.,
2019
Stress response tRNA and rRNA | Schosserer et al., 2015,
Yamasaki et al., 2009;
Blanco et al., 2014
Genetic recoding tRNA Hoernes et al., 2016
Biosynthesis rRNA Hong et al., 1997
miRNA regulation mRNA Squires et al., 2012
Increased / decreased mRNA and tRNA | Tuorto et al., 2012,
transcript decay Zhang et al., 2012
Nuclear export mRNA Yang et al., 2017
5hmC Increased translational mRNA Delatte et al., 2016
efficiency
mb6A Increased translational mRNA Wang et al., 2015
efficiency
Increased transcript decay | mRNA Wang et al., 2014, Sheth
et al., 2003
Alternative splicing and mRNA Mendel et al., 2018,
SAM homeostasis Shima et al., 2017
X-chromosome IncRNA (XIST) Patil et al., 2016

Inactivation

Table 1.1 Putative functions of RNA modifications

Table summarises the putative functions of RNA 5mC, 5hmC, and m6A as outlined in this chapter. The

distinct target RNA subtypes are shown in addition to key references reporting these functionalities.
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Fig. 1.9 The mRNA of core stem cell genes contain m6A.

Model of the genes involved in maintenance of stem cell state (adapted from Young, 2011), representing
transcripts with loss of m’A modification in Mettl3~~ cells (Batista et al., 2014). The statistical significance of
mO6A loss upon Mettl3~~ is given through the number of strike-throughs. Figure adapted with permission of the
rights holder, Elsevier.

1.2 Pluripotency and epigenetic reprogramming

Having established connections between RNA 5mC and m6A i pluripotency, development,
and epigenetic reprogramming, it 1s critical to consider these processes fully before performing

experiments within these models.

1.2.1 Defining pluripotency

Cells can be defined as being totipotent, pluripotent, multipotent or unipotent, depending upon
their potential to form all, all embryonic, many, or one differentiated cell type. Pluripotency in

vivo occurs in the inner cell mass (ICM), pre-implantation epiblast, and early post-implantation



epiblast of mammalian embryos (Boroviak and Nichols, 2014). The extra-embryonic structures,
such as the embryonic components of the placenta, are formed from the trophoblast cells which
surround the ICM. Inner cell mass pluripotency, of which embryonic stem cells are a parallel,
only occurs over a relatively small period of time in the embryo (E3.5-E5.5 in mice and day 5 -
12 humans) before cells become primed to differentiate down a lineage path (Fig. 1.10) (Smith,
2017, Boroviak and Nichols, 2014, Cockburn and Rossant, 2010, Russ et al., 2000). The
experimental procedure by which pluripotency can be assessed, 1s the ability for cells to form all
embryonic lineages when injected into an embryo to form a chimaera (Bradley et al., 1984). We
thus have a working defimition of pluripotency along with a standard metric to experimentally
determine 1it, based upon the ability of a cell to form all embryonic lineages when creating a
chimaera. Other pluripotency assays can be used, such as the expression of certain pluripotency
markers (such as KILF4 and ESRRB), as well as alkaline phosphatase (AP) staiing, however
chimaerism remains the gold standard (Boroviak et al., 2015, O’Connor et al., 2008). Naive and
formative pluripotency both fulfil this criteria, and are separated from one another based upon
the expression of either naive (e.g. Kruppel-like factor 2 (KLLF2)) or early post-implantation
factors (e.g. OTX2) (Boroviak et al., 2015, Acampora et al., 2016, Kalkan et al., 2017).
Functionally, the key distinction between these cells states 1s that the formative stem cells are
responsive to lineage commitment signals, a property referred to as capacitation, while the gene
regulatory networks of naive cells resist such stimuli (Smith, 2017, Kalkan et al., 2017, Turner et
al., 2014). This 1s a reflection of formative cells as a defined intermediate between naive and

primed cells.

Cells which are primed to differentiate in the epiblast, but have crucially not undergone
differentiation yet, have been shown to also reflect a form of pluripotency, extending the
defiition to include up until the point of loss of expression of the pluripotency regulator OCT4

during somitogenesis (a period of 4-5 days) (Osoro et al., 2012). However, being fated to



differentiate down a particular lineage means that reversion to formative or naive pluripotency 1s
required to enable the form of all embryonic cell types. As such, primed post-implantation
epiblast-derived stem cells (EpiSCs), derived from E5.5-E8.0 embryos, fail to be incorporated
mto all lineages when inserted into blastocysts or morulas to form chimaeras (Osorno et al., 2012,
Masaki et al., 2016). Genetic manipulation to resist apoptosis via BCL overexpression 1s
necessary for EpiSCs to survive msertion at this stage (Masaki et al., 2016). In such a situation,
BCL overexpressing EpiSC were found to contribute to all chimaera foetal tissues at E13.5
(Masaki et al., 2016). Chimeras from wild type EpiSCs can be formed through grafting to
postimplantation embryos in whole embryo culture (Huang et al., 2012). Together, these
experiments show that pluripotency is retained up to and including EpiSC formation, and that
the developmental point of chimeric insertion 1s critical to cell survival and subsequent

mtegration into all embryonic lineages.
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Fig 1.10 Developmental progression of pluripotency in mouse and human embryos.

Pluripotent cells begin to emerge in the ICM and segregate to constitute the naive epiblast. The multi-coloured
cells of the ICM indicate mosaic specification of epiblast and hypoblast. After implantation in both mouse (E5)
and human (day 8) embryos the epiblast expands as a pseudoepithelial layer overlying the hypoblast (also called
the extra-embryonic endoderm), forming a cup-shaped cylinder in mice and a disc in humans. During this period,
epiblast cells may remain unpatterned and without molecular specification. Subsequently, epiblast cells become
fixed in a columnar epithelum, display regionalised expression of specification factors in response to extra-
embryonic signalling centres, and mitiate gastrulation. This sequence of events is reflected in transcriptional and
epigenetic changes. The distinction between naive pluripotency and the hypothesised formative phase appears to
be acute, whereas the subsequent transition to primed pluripotency is more gradual. Formative and primed phases
may be present together at the early stages of gastrulation, particularly in humans. Epi, epiblast; Hyp, hypoblast
(Smith, 2017). Figure reproduced with permission of the rights holder, The Company of Biologist Ltd.

The differing pluripotent states which exist between naive and primed cells are discrete from one
another with distinct molecular hallmarks. These are summarised in Table 1.2. Of note, naive
cells are more homogeneous with a greater dependency on mitochondnal respiration than
primed cells, while primed cells have undergone X-inactivation, epithelialisation, and apicobasal
polarity. Formative cells are notable for their germ cell competence. As outlined above, despite
these differences each of these cell states retains pluripotency as assessed by chimera formation

and traced by Oct4 expression.
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Maive Formative Primed

Expression of Oct4 Yes Yes Yes
Expression of naive pluripotency TFs Yes Mo MNo*®
Expression of early post-implantation TFs Mo Yes Partial*
Expression of non-ectoderm lineage TFs Mo Mo Yes
X inactivation No Partial Yes
Germ cell competence Mo Yes No®
DNA methylation Low Intermediate’ High
Epithelialisation Mo Partial Yes
Apicobasal polarity Mo Partial Yes
Homogeneity Yes Yes™ Mo
Mitochondrial respiration High  Low** Low
Dependence on FGF/Erk signalling Mo Low** High
Dependence on Nodal/activin signalling Mo Low** High
Formation of blastocyst chimaeras Yes Yes*™ Mo
Formation of post-implantation chimaeras No Yes"™ Yes
In vitro stem cell derivation Yes Yes"™ Yes

Table 1.2 Properties of mouse cells in different phases of pluripotency.
TFs, transcription factors.

*Nanog 1s re-expressed in pre-gastrulation posterior epiblast in the mouse egg cylinder and in EpiSCs. In the

cynomolgus epiblast Nanog appears to be expressed continuously (Nakamura et al., 2016).

¥ Factors such as Oct6 and Otx2 are upregulated throughout the early postimplantation epiblast but later become

restricted to the anterior presumptive neuroectoderm.

§ In human, a subset of primed cells in vitro are able to produce primordial germ cell-like cells (Irie et al., 2015;

Sasaki et al., 2015).

{ In formative stem cells, global methylation may be more extensive, as seen for ESCs in serum (Ficz et al., 2013;

Habibi et al., 2013; Leitch et al., 2013).
**Predicted properties.

(Smith, 2017). Figure reproduced with permission of the rights holder, The Company of Biologist Ltd.

1.2.2 The epigenetic ground state

Waddington’s model of an epigenetic landscape, first proposed in 1957, remains an informative
analogy for understanding cell fate decisions during development (Fig 1.11) (Waddington, 1957,
Goldberg et al., 2007). In this model a totipotent cell resides at the top of a slope which contains
multiple ravines. Differentiation 1s modelled by gravity, which pulls a ball (representing a cell).
The multiple final locations at the bottom of the slope represent terminally differentiated cell

states. As the cell “rolls” down the hill 1t will be forced horizontally one way or another at each



undulation in the slope. Upon committing to a direction, some final positions at the bottom of
the slope become 1naccessible, and so the cell has constrained its fate to a more limited lineage.
Which way the cell falls may be purely stochastic, or influenced by lineage determining signals.
Through progressive cell fate decisions, the cell eventually reaches the bottom of the slope and
resides 1n a stable, terminally differentiated state. "The summit of the slope represents the ground
cell state, from which any other cell fate can form. A cell can only be returned to the ground
state, which 1s functionally required at each generation to form a complete multicellular organism,
by being driven up the slope against gravity. As the analogy implies, this will not occur
stochastically, but rather requires wholescale rewiring of the cell in a process referred to as

epigenetic reprogramming.

Fig 1.11 Waddington's Classical Epigenetic Landscape.

Differentiation is modelled by a ball rolling down an undulating slope. The path of the ball represents
progressive cell fate transitions of a totipotent cell. This eventually results in a terminally differentiated cell in
one defined position at the bottom of the slope (Waddington, 1957, Goldberg et al., 2007). Figure reproduced
with permission of the rights holder, Elsevier.



The Greek prefix epi- identifies epigenetics as being a layer of control that acts “on top of”
genetics. In 1942 Waddington first coined the term considering it to be “the branch of biology
which studies the causal interactions between genes and their products, which bring the
phenotype into being” (Waddington, 1942). It can thus be considered to involve anything which
controls the function of a gene other than the DNA base sequence. To date this has mvolved
such seemingly divergent mechanisms as DNA methylation, histone variants, histone
modifications, histone insertions, removal and repositioning, topological chromatin looping,
positioning of chromosomes within the nucleus, RNA imheritance, piRNAs, and R-loops
(Wallrath and Elgin, 1995, Leitch et al., 2013, Hill, et al., 2014, Nashun et al., 2010, Hajkova et
al., 2008, Zhang and Reinberg, 2001, Kuo et al, 1998, Bazett-Jones et al., 1999, Whitehouse et
al., 1999, Merkenschlager and Nora, 2016, Finlan et al., 2008, Rassoulzadegan et al., 20006,
Aravin et al. 2008, Skourti-Stathaki et al., 2014). This non-exhaustive list does not include RNA
modifications, as they have been considered to form the basis of an additional layer of regulation
termed epitranscriptomics. Should an RNA modification be shown to feedback to the control
of the genomic locus of the transcript it resides in, then this would form an additional area of

epigenetics.

Epigenetics can be thought of as transcriptional memory. Indeed, a school of thought in the
historical debates over cause and effect in regards to epigenetics and transcription proposed this
to be the sole function of epigenetics. The cause/consequence debate hinges upon the temporal
order of the epigenetic cis and trans elements and RNA polymerase machinery at any given
genomic locus. The clearest indication of epigenetics inducing a novel transcriptional state m a
wild type in vivo context 1s transgenerational epigenetic inheritance (Heard and Martienssen,
2014, Radford et al., 2014, Ashe et al., 2012, Belicard et al., 2018). In C.elegens the ptRNA
pathway can establish transcriptional silencing across at least 20 generations independent of the

mitial silencing signal (Ashe et al., 2012). Transgenerational epigenetic inheritance mires the



ability to define a single ground cell state, as parental effects remain. Regardless, it has long been
clear that 5mdC DNA methylation is key for the stable adoption of cell fates, and that the removal
of this epigenetic modification from numerous genomic loct 1s necessary in order to

reprogramme a cell to an epigenetic ground state (Hajkova et al., 2002).

1.2.3 Mechanisms of epigenetic reprogramming 12 vivo

Gene regulatory networks (GRNSs) act to define the state a cell exists in. Within the mammalian
life cycle there are two stages at which the exising GRNs undergo their most wholesale
disruption, the transitions between haploid and diploid genotypes during fertilisation and
gametogenesis. As the zygote will give rise to all embryonic structures and mouse embryonic
germ cells have been shown to be equivalent to mESCs from the inner cell mass (ICM) when
derved in the same medium conditions, fertilisation and gametogenesis mvolve the potency of
the cells reverting to either a totipotent or pluripotent state respectively (Leitch et al., 2013).
DNA 5mdC modifications are crucial for mammalian cells to stably adopt differentiated states.
As a result, their erasure 1s a defining aspect of cellular reprogramming i both the zygote and
primordial germ line (Hill et al., 2014; Sheaffer et al., 2014, Messerschmidt et al., 2014). To
understand the epigenetic reprogramming that occurs during these processes, DNA 5mdC

methylation must be examined further.

In mammals DNA methylation predominantly occurs at CpG sequences, and exists genome-
wide (Lister et al., 2009). It acts to silence the expression of methylated regions of the genome
forming permanently repressed constitutive heterochromatin (e.g. in centromeres and telomeres)
or facultative heterochromatin at regulated sites that might otherwise be euchromatic (e.g. gene
promoters) (Keshet et al., 1985, Beyersmann, 2000, Suzuki and Bird, 2008). Cytosine
spontaneously deaminates to uracil, which 1s detected, excised and repaired by DNA repair

machinery (Duncan and Miller, 1980). Methylated cytosines deaminate to thymine, resulting in



T:G mismatches which are more likely to be missed by the repair machinery than U:G, causing
point mutations and a gradual reduction of the CpG frequency in highly methylated regions of
the genome (Poole et al.,, 2001, Kondrashov, 2003). As a result of this, CpGs are
underrepresented throughout the majority of the genome, with the exception of highly enriched
hypomethylated CpG islands. CpG 1slands are associated with ~709% of genes (Suzuki and Bird,
2008). It1s at CpG islands that DNA 5mdC can bring about facultative heterochromatin to stably
silence genes. By silencing genes associated with alternative cell fates, DNA methylation restricts
the lineage of a cell during differentiation to bring about stable differentiated cell fates (Sheaffer
etal., 2014). In line with this, conditional knockout of the maintenance DNA methyltransferase
Dnmtl causes adherent expression of lineage restricted genes through the loss of enhancer
methylation (Sheaffer et al., 2014). Typically, CpG island promoters of key genes in the
regulation of development remain poised during development, with both repressive and active
histone modifications present. This state persists until resolved into either an active or repressed
state (Azuara et al., 2006, Mikkelsen et al., 2007, Bernstein et al., 2006). These bivalent genes
are enriched for CpG islands and DNA methylation serves to lock previously bistable CpGs in
a decisively repressed status (Mantsoki et al., 2015, Smith et al., 2012, Borgel et al., 2010). It
logically follows that 5mdC must be erased to regain the genomic plasticity required to
reprogramme a cell back to both a pluripotent and epigenetic ground state and reset its dosage

compensation to deal with either gaiming or losing an allele of each gene.

1.3.3.1 Zygote and early embryo

Upon fertilisation in mammals, the paternal pronucleus undergoes genome-wide DNA
demethylation first, with the exception of imprinted genes, intracisternal A particle (IAP)
retrotransposons, and centromeric repeats, which mostly escape the process (Fig 1.12) (Lane et
al., 2003, Borgel et al., 2010, Rougler et al., 1998, Saitou et al., 2011). Demethylation of the
paternal pronucleus occurs rapidly and 1s substantially depleted by pronuclear stage 3 (PN3),
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which represents 7-8 hours post fertilisation (Mayer et al., 2000, Amouroux et al., 2016).
Experiments using aphidicolin to block DNA replication to do not prevent paternal DNA
demethylation (Oswald et al., 2000). This, together with the rapid kinetics of the process, shows
that DNA demethylation n this situation does not merely occur through a passive mechanism
of dilution during DNA replication, but rather necessitates an active process. It was accepted in
the field that 5mdC was converted to 5hmdC by TET3. However, the increase of 5hmdC occurs
too late for this to be the case and 7et5 knockout or chemical inhibition do not prevent
demethylation (Hill et al., 2014, Amouroux et al., 2016, Hill et al., 2018). Instead 5hmC acts to
protect demethylated sites from de novo methylation (Amouroux et al., 2016). The mechanism
by which the paternal pronucleus is actively demethylated remains uncertain, although the BER

pathway 1s likely to be involved (Hajkova et al., 2010, He et al., 2011, Santos et al., 2013).

DNA methylation 1s not the only major epigenetic mark mvolved in epigenetic reprogramming
i the male pronucleus. Paternal DNA 1s packaged around protamines, which are exchanged
with maternal histones within the first hour post-fertiisation (Li et al., 2010). The nucleolus,
which acts as an RNA modification hub, develops in tandem from nucleolus precursor bodies
to form functional nucleol capable of zygotic rRNA transcription (Hernandez-Verdun et al.,
2010, Fléchon and Kopecny, 1998). This 1s ahead of the maternal-zygotic transition, in which
maternal RNAs are degraded and replaced by the activation of the zygotic transcription at the
two cell stage (O’Farrell et al., 2004). The first cell divisions occur rapidly without an increase in
total cytoplasmic volume. This permits zygotic transcriptional activation through repressor
titration as the nuclel:cytoplasmic ratio increases (Prioleau et al., 1994, Schier, 2007). These
additional epigenetic and transcriptional transitions are considered alongside DNA methylation

during the experimental work 1n this thesis.
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The maternal chromosomes begin demethylation after the paternal ones, through what appears
to be a passive loss of SmdC from the first S-phase of the 1 cell embryo to a mmimum around
the morula or early blastocyst stage (Fig. 1.12) (Kafri et al., 1992, Monk et al., 1987, Howlett et
al., 1991). This passive loss of DNA 5mdC also affects the paternal DNA, resulting in an even
lower level of methylation. The extent of CpG demethylation from oocytes to E3.5 embryos 1s
less than would be expected if 5'mdC 1s halved at each cellular division, and so some degree of
maintenance of de novo methylation must occur (Smallwood et al., 2011). Indeed, imprinted
genes, IAP retrotransposons, and centromeric repeats maintain DNA methylation during this
period in all chromosomes (Lane et al., 2003, Borgel et al., 2010, Rougier et al., 1998). DNMT1
has been shown to be located outside the nucleus during early embryo development by
mmunofluorescence (Hirasawa et al., 2008). As DNMT1 acts to maintain methylation patterns
during DNA synthesis by depositing 5mdC on the newly synthesised strand of hemimethylated
DNA, its exclusion from the nucleus could represent a workable hypothesis for progressive
replicative loss of 5mdC. Knockout of Dmmtl causes loss of methylation at imprinted genes,
mdicating that DNMTT1 1s still active during this stage of development in which it acts upon

specific regions of the genome as opposed to all of it (Hirasawa et al., 2008).

While this passive epigenetic reprogramming occurs it 1s critical to consider the cell fate
transitions that are concurrently occurring. The first cell fate transition within a mammal arises
mn the blastocyst at the segregation of the outer cells of the late morula from the mner cells. The
outer cells will form the trophectoderm in the blastocyst, while the inner cells form the ICM,
from which both the epiblast and primitive endoderm form (Rossant and Tam, 2009). All 3
lineages retain pluripotency, but only the epiblast lineage gives rise to embryonic cells. Despite
retaining pluripotency, epigenetic changes occur at lineage specific genes associated with the three
lineage affiliations (Santos et al., 2010). This has been shown through ChIP-PCR of active (e.g.

H3K9ac) and repressive (e.g. H3K27me3) histone modifications at these lineage-associated loci,
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with differing replication timings at these sites in the three lineages showing that DNA accessibility

1s altered (Santos et al., 2010).

The key molecular regulators involved in these early cell fate transitions are OCT4, Caudal Type
Homeobox 2 (CDX2), Nanog and GATA-binding factor 6 (GATAG6). In the morula OCT4 1s
uniformly expressed while CDX2, Nanog and GATAG are all stochastically expressed within the
cells. CDX2 then becomes exclusively expressed in the developing trophectoderm through
upregulation by apical domain and mhibition from the mternal environment (Dietrich and
Hiiragi, 2007; Ralston and Rossant, 2008). CDXZ2 then mitiates trophoblast differentiation (Niwa
et al., 2005). CDXZ2 represses OCT4 expression, which consequently becomes exclusively
expressed i the ICM. Nanog and GATAG6 define the separating epiblast and primitive
endoderm lineages (Chazaud et al.,, 2006; Gerbe et al., 2008). While these genes are
stochastically expressed in the morula, from the early blastocyst the master regulator growth
receptor bound protein 2 (GRB2) acts to upregulate GATA6 and downregulate Nanog (Chazaud
et al., 2006). This generates mutually exclusive expressive patterns that locks in the cell fate

decision (Chazaud et al., 2006, Gerbe et al., 2008).

1.3.3.2 Primordial germ cells

Primordial germ cells (PGCs) are specified i the proximal epiblast at ~E6.0 as a result of bone
morphogenetic protein (BMP) signalling (Lawson et al., 1999). At this stage the epiblast cells are
i the process of losing pluripotency, however the PGC-specified cells retain the pluripotency
gene regulatory network (Kurimoto et al., 2008). This 1s brought about by the upregulation of
the key pluripotency regulators B lymphocyte-induced maturation protemn-1 (BLIMP1) and
PRDM 14 in response to BMP signalling (Ginsburg et al 1990, Ohinata et al., 2009, Ohinata et
al., 2005, Vincent et al., 2005, Yamaj et al., 2008). From here they migrate to the genital ridge,

via the hindgut, in a process that concludes around E11.5 (Anderson et al., 2000, Tam et al.,
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1992, Hajkova et al., 2002). Between E8 and E9.5 there is an initial gradual wave of DNA
demethylation (Seisenberger et al., 2012). This is considered to be passively brought about by
the transient downregulation of DNMT1 and Ubiquitin-like, containing PHD and RING finger
domains 1 (UHRF1), through which DNMTT1 associates to DNA (Seki et al., 2005, Kagiwada et
al., 2012). Upon entering the genital ridge, PGCs are thought to receive cell non-autonomous
signalling to undergo epigenetic reprogramming involving a much more rapid DNA
demethylation which includes imprinted regions (Hajkova et al., 2002). The nadir of DNA
methylation 1s achieved within one day in both male and female embryos, resulting in ~0.3% of
all deoxycytidines being methylated compared to ~49% 1n somatic tissues (Hajkova et al., 2002,
Hill et al., 2018). Even more rapid loses of 5mdC can be observed at specific loci at this time by
bisulphite sequencing (Hakjova et al., 2002, Seisenberger et al., 2012, Hill et al., 2018). Such
kinetics suggest an active demethylation mechanism. Recently work within the Hajkova lab made
substantive advances in unravelling the molecular mechanisms by which this occurs. Much like
demethylation of the paternal zygotic pronucleus, 5hmdC 1s required to maintain demethylated
regions by preventing de novo methylation (Hill et al., 2018). However, as in the male pronucleus
of the zygote, it 1s unlikely to represent the primary demethylation intermediate due to its
relatively uniform and low abundance (Hill et al., 2018). Further, though global 5hmdC levels
are stable in PGCs undergoing reprogramming, it gradually decreases at uniquely mapped
regions as quantified by AbaSI endonuclease digestion coupled with sequencing (ABA-seq),
redistributing to repetitive elements which resist demethylation (Sun et al., 2013, Hill et al., 2018).
Given this very rapid turnover kinetics 5hmdC removal would be necessary for this pathway to
generate the flux necessary to be the primary demethylation mechanism as had been

hypothesised earlier (Hackett et al., 2013).

Alternative proposed demethylation pathways i PGCs include the deaminases activation-

mduced deaminase (AID) and apolipoprotein B mRNA editing enzyme, catalytic polypeptides



(APOBECs). Both had been thought to act to catalyse the deamination of cytosine or 5-
methylcytosine to uridine or thymine respectively, which are subsequently repaired by BER
(Morgan et al., 2004). However, both enzymes show reduced activity towards modified
deoxycytidines relative to unmodified ones, casting major doubt over the veracity of this
mechanism 2 vivo (Nabel et al., 2012). Single-stranded DNA (ssDNA) breaks resulting from
AID-induced deamination are necessary for class switch recombination in the Ig locus, providing
a further model of possible action in DNA demethylation (Muramatsu et al., 2000, Revy et al.,
2000). Aidknockout mice PGCs are unable to demethylate to the same extent as wild type PGCs,
while somatic cells display wild type methylation levels (Popp et al., 2010). This indicates that
AID 1s necessary, but not sufficient, for complete PGC DNA demethylation. This proposed
mechanism remains controversial, as the lack of reproductive defects in Asd-/~ mice put into
question the biological relevance AID-dependent component of demethylated sites (Popp et al.,
2010). In vitro work has shown that AID has a much lower activity for methylated C than
unmodified, which puts AID’s proposed role in DNA demethylation further in question (Larijani
etal., 2005). As with the male pronucleus, one of the few clear details about DNA demethylation

m PGCs 1s that the BER pathway 1s probably entailed (Hajkova et al., 2010, He et al., 2011).

While DNA demethylation is a defining part of epigenetic reprogramming, there are other key
epigenetic events nvolved in erasing the cell identity. Histone chaperones HIRA and
nucleosome assembly protein 1 (NAP-1) are mvolved i histone variant exchange (Hajkova et
al., 2008). Upon entry to the gonad at E11.5 PGCs display a loss of the linker histone H1, along
with global reductions in H3K9me3 and H3K27me3 (Hajkova et al., 2008). These changes to
histones architecture act synergistically with DNA demethylation to derepress facultative
heterochromatin. During reprogramming PGCs undergo substantive metabolic and translational
shifts which are characteristic of this transiion. The pluripotency gene OCT4 causes the

upregulation of the glycolytic enzymes hexokinase, pyruvate kinase, and pyruvate dehydrogenase
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kinase (Kim et al., 2015). This 1s reinforced by wide-reaching translational regulation brought
about through miRNAs such as In28. Lin28 1s involved in the regulation of genes associated

with glucose metabolism, glycolysis, cellular carbohydrate metabolism, and oxidative metabolism

i human ESCs (Polesskaya et al., 2007, Peng et al, 2011, Zhu et al., 2011).

Mouse PGCs and early embryos were used as an 2 vivo model of epigenetic reprogramming in

the experimental work performed within this thesis.

1.2.4 Modelling epigenetic reprogramming in vitro
& € S O

The in vivo systems outlined above involve low cell numbers from tissue which 1s difficult to
acquire, and so additional experiments were performed in a tissue culture system. Mouse
embryonic stem cells cultured in serum-containing media are transcriptionally similar to mouse
E10.5 PGC cells by RNA-seq transcriptome analysis (Hill et al., 2018). They also provide a
more amenable model to manipulation i regards to both DNA methylation and genetics than
1 vivo mouse models, and can be used to generate large amounts of material. They can form
the basis of an in vitro reprogramming system 1if wild type (denoted E14 or J1 based upon the
cell line) and Drmtl, Dnmt3a, and Dnmt3b triple knockout (TKO) ES cells are grown in both
serum containing media conditions and 21. 21 refers to a culturing condition containing two
mhibitors, to mitogen-activated protein kinase (MAPK) and glycogen synthase Kkinase 3f
(GSK3B) respectively, which induce global DNA demethylation (Leitch et al., 2013; Ying et al.,
2008; Ficz et al., 2013; Habibi et al., 2013). It had been believed that genomic imprints are
retained in ES cells cultured in 21 conditions, however it has been recently detailed that prolonged
ES culture in 21 conditions can cause imprint erasure (Leitch et al., 2013; Chor et al., 2017; Yagi
et al, 2017). Cells grown m 21 display reduced expression of the de novo DNA
methyltransferases, and therefore this has been hypothesised to be at least part of the mechanism

by which this reduction in global DNA methylation is brought about (Leitch et al., 2013). TKO
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cells lack the canonical de novo and maintenance DNA methyltransferases and display no
detectable DNA methylation above background noise regardless of media condition (Tsumura
et al., 2006, Ficz et al., 2011, Williams et al., 2011). Through comparison of wild type ES cells
grown 1n serum, wild type ES cells grown in 21, and TKO cells grown in either condition,
environments of descending DNA methylation from ~49% to ~2% to 0%, as determined by the
ratio of 5-methyldeoxycytosine to deoxyguanosine (bmdC/dG), can be assessed (Leitch et al.,
2013, Tsumura et al., 2006). This represents a more extreme example of DNA demethylation

than 1s observed in wild type in vivo contexts, and so represented a potentially useful model for

screening for 5mdC/5mC or DNMT/RNMT interplay.
1.3 Key Hypotheses

* In the establishment of DNA 5mdC as a mechanism to regulate genome utilisation, RNA
SHmC has become connected to genomic control and developmental processes. This 1s
facilitated through an incomplete separation of the molecular machineries associated to

these two evolutionarily-linked nucleoside modifications

*  RNA 5mC and 5hmC have biologically relevant functions, some of which are more

relevant in, or are specific to, developmental processes such as epigenetic reprogramming

* RNA 5mC and 5hmC levels change globally and locally during the time-course of
epigenetic reprogramming in response to the global erasure of DNA methylation as an

epigenetic regulatory mechanism
*  RNA 5mC exhibits a functional interplay with 5mdC

* 6-methyladenine is involved in the cell fate transitions, and so 1s expected to alter n its

abundance during epigenetic reprogramming
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Chapter 2: Materials and
methods

69



2.1 Mice

2.1.1 Amimal husbandry

All animal work was performed under a UK Home Office approved personal licence and project
licence, as well as taking place within a facility with a UK Home Office approved establishment
licence. C57BL/6] (Charles River, C57B1/6]) and B6CBAF1/] (The Jackson Lab, BGCBAF1/])
mice were purchased externally and bred with homozygous GOF18APE-EGFP mice (Yoshimizu

et al., 1999). The PGCs of the resulting embryos expressed GFP under the OCT4 promoter,

which facilitated downstream experimental work.

2.1.2 Genotyping

2.1.2.1 DNA extraction

Material for genotyping was taken by either ear sniping for pups and adults, or removing a paw
from embryos while dissecting. DNA was extracted in 50 ul of genotyping digestion buffer
(bOmM KCL (AnalaR NORMAPUR, 26764.260), 10 mM Tris-HCI (Sigma, T5941) pH 8.3,
0.45% (v/v) Tween-20 (Sigma, P7949), 0.1 mg/ml gelatin (Sigma, G1393) i H:O), with the fresh

addition of proteinase K (NEB, P8107S) to 200 pg/ml, by incubation overnight at 55 °C.

2.1.2.2 Phenol:chloroform:isoamyl alcohol extraction

An equal volume of Phenol:chloroform:isoamyl alcohol (Invitrogen, 15593.031) was added to
the digested samples which were mixed by pipetting. Centrifugation was performed at 12,000 xg
for 5 minutes before the aqueous phase was removed and 5 pl of 3M Na Acetate (AnalaR
NORMAPUR, 27653.260) pH 5.2 added. DNA was precipitated by making the solution to 70%

(v/v) ethanol and incubating at -20 °C for 30 minutes. The precipitated DNA was centrifuged at
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16,000 xg for 15 minutes, washed in 70% (v/v) ethanol before centrifuging again. The supernatant
was removed and the samples dried using a speed vacuum (Thermo, Savant SPD121P). Samples

were finally resuspended in H-O and DNA concentrations quantified by NanoDrop.

2.1.2.3 PCR

GOFI18APE-EGFP genotyping was performed by RT-qPCR to enable homozygous and
heterozygous individuals to be identified by msertion copy number (see section 2.12). To
determine the sex of embryos, PCR of the Y chromosome gene SRY was performed using
RedTaq Ready Mix with 1 pl of extracted DNA and forward and reverse primers at a final
concentration of 400 nM in 20 pl. The PCR conditions used are outlined in Table 2.1. The

sequence of all primers used throughout this body of work are collated in Table 2.8

Step | Temperature [°C] | Duration

1 95 5 minutes
2 95 45 seconds
3 55 45 seconds
4 72 45 seconds

Go to step 2 x34

72 10 minutes
4 oo
Table 2.1 SRY PCR conditions.

2.1.2.4 DNA gel electrophoresis

Gels were created by first heating 3% (w/v) agarose in 0.5x TBE i a microwave until solvation

before cooling, subsequent addition of 3 pl SYB Safe DNA Gel Stain (Invitrogen, S33102), and
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setting 1n casts. Gels were loaded with samples and a 100 b.p. DNA ladder (NEB, N3231S) and

run at 100v for 30 minutes - 1 hour in 0.5x TBE before imaging in a gel doc (Syngene).

2.1.3 Dissections

2.1.3.1 Genital Ridge

Female mice were euthanised at 10.5-15.5 days post coitum (d.p.c.) by cervical dislocation with
cessation of heartbeat as a confirmation. This was assessed by decapitation. The cadaver was
dissected open and, if pregnant, the uterus containing the embryos was removed and transferred
to PBS on ice. Dissections were performed n filtered 10% (v/v) FCS (Gibco, 10270-106) in PBS
under a dissecting microscope. The pregnancy sack and amniotic membrane were ruptured,
and embryos culled by severing the umbilical cord before swift decapitation. Embryos aged
E11.5 onwards had their anterior abdominal organs removed to expose the genital ridges which
were dissected out for downstream applications. Germ cell migration to the genital ridge only
concludes around E11.5, and so for embryos aged E10.5 the whole lower trunk was dissected

out for downstream applications (Hajkova et al., 2002).

2.1.3.2 Oocytes

Cumulus-oocyte complexes were dissected by Dr. Buhe Nashun as described previously

(Nashun et al., 2010, Inoue et al., 2010).

2.2 Cell culture

2.2.1 Embryonic stem cells

The cell lines used are outlined in Table 2.2. K14, J1, TKO, TET TTKO, EpiSC Murine ES
cells were cultured in 15% (v/v) serum or 21 media conditions. Serum media conditions consisted

of GMEM (Gibco, 21710-025) supplemented with 15% (v/v) FBS (Gibco, 10270-106) 1x NEAA
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(Gibco, 11140-050), 0.1 mM B-mercaptomethanol (Gibco, 31350-010) 1mM sodium pyruvate
(Gibco, 11360-039), and 2 mM glutamine (Gibco, 25030-024). GMEM also forms the base for
21 media, being used at a 1:1 ratio with Neurobasal (Gibco, 21103-049). To this 0.5x N2
supplement (Gibco, 17502-048), 0.5x B27 supplement with VitA (Gibco, 17504-044), 0.1 mM
B-mercaptomethanol, and 2 mM glutamine were added. Media was filtered and to each media
condition 1500 U of ESGRO mLIF (Millipore, ESG1107) was added fresh to each 50ml aliquot.
Additionally, 1TuM CHIR99021 (Cell Guidance Systems, SM13-10) and 3uM PDO325901

(Stemgent, 04-0006) were added to aliquots of 21.

Cells cultured in serum media were grown in plates coated with 0.1% (v/v) gelatin (Sigma, G1393)
while those cultured in 21 were grown in laminin-coated (Sigma, 1.2020) plates. Splitting occurred
every 2-5 days at a ratio of 1:10-30. Whenever culturing conditions were altered, cells were

deemed to have acclhimatised after a minimum of 5 passages as previously defined (Leitch et al.,

2013).
Cell line Genotype Genetic background Source
E14 Hypoxanthine 129/0Ola Dr. Rachel
phosphoribosyl-transferase Amouroux, Tsuda
(HPRT)" et al., 1997
J1 Wild type 129/Sv] Dr. Rachel
Amouroux
TKO DNMT1", DNMT3A", and 129/Sv] Dr. Rachel
DNMT3B" Amouroux,
Tsumura et al.,
2006
TET TTKO | TETI1", TET2", and TET3" 129/Sv] Dr. Cristina
Requena Torres
EpiSC Wild type 129 Prof. Austin Smith,
Dr. Carla Mulas
and Dr. Harry
Leitch
Table 2.2 Stem cell lines.
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2.2.2 Epiblast stem cells

The cell Iines used are outlined in Table 2.2. EpiSC media was created using 1:1 GMEM with
Neurobasal to which 0.5x N2 supplement (Gibco, 17502-048), 0.5x B27 supplement without
VitA (Gibco, 12587-010), 0.05 mM B-mercaptomethanol, and 2 mM glutamine were added.
Media was filtered and 20 ng/ml Activin A (Peprotech, 120-14E-10) and 12 ng/ml bFGF
(fibroblast growth factor-basic) (ThermoFisher, 13256029) were added. Splitting occurred every
2-3 days at a ratio of 1:12-15 by manual dissociation. Colonies were plated mto tissue culture
dishes which had been pre-incubated with FCS which was aspirated before the mtroduction of
cells. Whenever culturing conditions were altered, such as i the generation of TKO Epil.SCs
from TKO serum ESCs, cells were deemed to have acclimatised after a mmimum of 5 passages.

As such, all cell lines created from media transfer were self-renrewing.

2.2.3 In vitro fertilisation and early embryo culture

In vitro fertilisation (IVF) was carried out by Dr. Buhe Nashun as described previously (Nashun
et al., 2015, Nashun et al., 2010). Briefly, mice were super-ovulated using 5 IU pregnant mare’s
serum gonadotropin (PMSG) mjected intraperitoneally into 3-week old mice. After 48 hours, 5
IU of human chorionic gonadotropin (hCG) was administered intraperitoneally. Cumulus-
oocyte complexes were dissected and transferred to human tubal fluid (HTF) medium which
had been supplemented with 10 mg/ml BSA (Sigma-Aldrich). Spermatozoa were obtained from
the caudal epididymides of adult male mice (Charles River) before being capacitated mm HTF
medium for 2 hours and then used for msemination. Fertilised oocytes were then washed in
HTF prior to culturing in potassium simplex optimisation medium (KSOM). Embryos were

cultured until collection at the 1 cell, 2 cell, 4 cell, morula or blastocyst stage.
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2.3 Florescence-activated cell sorting (FACS)

FACS was performed based upon a previously published methodology (Hajkova et al., 2008).
Briefly, E10.5 embryo trunks or E11.5 - E15.5 genital rnidges were dissected as indicated above
and transferred into filtered 19 (w/v) BSA (Sigma, A3311), 5 mM EDTA (Sigma, E9884), in
PBS on ice. Material was centrifuged at 400 xg, resuspended in 200 ul 0.05% trypsin-EDTA
(Ix) (Gibco, 25300-054) and incubated at 37 °C for 5 minutes. Digestion was quenched with
equal volumes of serum media and cells dissociated by pipetting up and down 20x. The cells
were centrifuged as before, washed and further dissociated by resuspension in 100 ul 19 (w/v)
BSA, 5 mM EDTA in PBS, and centrifuged. The cells were finally resuspended in 100 ul 19%
BSA (w/v), 5 mM EDTA in PBS before being passed through a Corning Falcon test tube with
cell strainer snap cap (Corning 352235) and then washed through n a further 300 pl. Separation

of GFP positive and negative cells was performed using either an Aria Fusion (BD Bioscience)
or Aria IT (BD Bioscience) flow cytometer with cells sorted into 196 BSA (w/v), 5 mM EDTA in

PBS before snap freezing.

2.4 Western blotting

2.4.1 Protein extraction and quantification

Cells were lysed in RIPA buffer (150 nM NaCl, 1% (v/v) NP-40, 0.5% (v/v) sodium deoxychlorate
(DOC), 50 mM Tris HCl pH 7.5, 5 mM EDTA pH 8) to which 1x Complete mini, EDTA-Free
protease mhibitor (Sigma, 11836170001) and 1x PhosStop (Sigma, 4906837001) were added
fresh to aliquots. 5 cycles of sonication at 30 seconds on and 30 seconds off physically lysed the
cells in RIPA buffer with the resulting solution centrifuged at 14,000 xg for 15 minutes. The
supernatant was taken for total protein concentration quantification using the Bradford assay with
a BSA standard curve. Briefly, a standard curve of BSA ranging from 2 pg - 16 pg was generated
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and mixed with Bio-Rad protein assay added to 20% (v/v) up to 200 pl in a flat-bottomed well of
a 96 well plate. 1 pl of undiluted samples, as well as dilutions ranging to 1:100, were used in
technical triplicate across different wells. Absorbance was determined using a SpectraMax

340PC Microplate Reader at 595 nm and used to quantify the protein concentration of the

samples.

2.4.2 Casting and running gel

Gels were cast with a stacking gel above the running gel to narrow protein bands. Running gel
mix consisted of; 375 mM Tris pH 8.8 0.1% (v/v) sodium dodecyl sulphate (SDS), 0.1% (w/v)
ammonium persulphate (APS) and 0.19% (v/v) N,N,N’-tetramethylethylenediamine (TEMED),
with acrylamide and H:O added appropnately to give a 10% (v/v) -12.5% (v/v) acrylamide gel.
Once the running gel was set, stacking gel was created using 125 mM Tris pH 6.5, 0.1% (v/v)
SDS, 0.19% APS (w/v) and 0.16% (v/v) TEMED, with acrylamide and H.O added appropnately

to give a 5% (v/v) acrylamide gel.

2x Laemmli buffer (120 mM Tris pH 6.8, 209% Glycerol, 49 SDS, 0.029% bromophenol blue)
was added to equal amounts of total protein, typically 20 ug, followed by heating at 95 °C for 5
minutes. Samples, along with Color Prestained Protein Standard, Broad Range (NEB, P7712S),
were loaded into the previously cast gels and run in 1x TGS buffer (Bio-Rad, 161-0772) at 50 V

until out of the stacking gel and then at 100 V subsequently.

After electrophoresis, the proteins were transferred from the gel to an activated PVDF
membrane. A Bio-Rad Mini-Gel system was used to create a gel sandwich which was submerged
mn 4 °C transfer buffer (1x TG buffer, 5% (v/v) ethanol, 0.2% (v/v) SDS) and run at 100 V for 1
hour at 4 °C with the addition of an ice pack. The membrane was then blocked in 5% (w/v) non-
fat milk in TBS-T (0.059% Tween-20 (Sigma, P7949)) for an hour. Primary antibodies were
diluted 1n 2% (w/v) non-fat milk in TBS-T and the membranes were incubated in this solution
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overnight at 4 °C. Membranes were washed 4x > 10 minutes in TBST, incubated with HRP-
conjugated secondary antibody for 1 hour and washed again for 4x > 10 minutes in TBST.
Luminata Forte Western HRP substrate (Millipore, ELLUF0100) was used for detection on a
GE ImageQuant LAS 4000 mini. The antibodies used are detailed in Table 2.3. The 1mmages

generated were analysed and signals quantified using FIJI software.

Where performed, striping of primary and secondary antibodies was achieved using striping
buffer (0.2M glycine, 3.5 mM SDS, 1% (v/v) tween-20, pH 2.2) in which membranes were washed
for 3x 5 minutes. Membranes were washed and equilibrated with TBST, reblocked, and striping
verified by 2° antibody incubation and 1imaging as described above. If the signal was completely
ablated, then membranes were incubated with the next 1° antibody of interest and from there

mmaging was performed as described above.
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Target Host Company Reference Application Dot ‘WB IF IF
Blot dilution dilution dilution
dilution stem cells PGCs
Sme Mouse Millipore MABE146 Primary antibody 1:1000
SmC Rabbit Abcam RM231 Primary antibody 1:10000
5mC Rabbit Cell Signalling D3S27 Primary antibody 1:500
Technology
SmC Mouse Active Motif Abflex, 91187 Primary antibody 1:1000
ShmC Rabbit Active Motif Active Motif, Primary antibody 1:2500
39791
TRDMT1 Mouse GeneTex 102B1259.2 Primary antibody 1:50
TRDMTI Mouse Thermo MA5-16197 Primary antibody 1:250
(102B1259.2)

NOP2 Rabbit GeneTex GTX105945 Primary antibody 1:500 1:100 1:50
NSUN2 Rabbit Proteintech 20854-1-AP Primary antibody 1:1000 1:500 1:25
NSUNS3 Rabbit Abcam ab170188 Primary antibody 1:250 1:50
NSUN) Rabbit Proteintech 15449-1-AP Primary antibody 1:500 1:50 1:25
NSUNG6 Rabbit Proteintech 17240-1-AP Primary antibody 1:1000 1:50
H3 Pan Rabbit Millipore 07-690 Primary antibody 1:2000

Oct4 Mouse BD 611202 Primary antibody 1:200
Biosciecnes
GFP Goat Abcam Ab5450 Primary antibody 1:1000
Mouse Donkey Santa Cruz SC-2096 HRP-conjugated 1:5000 1:2000
IgG secondary antibody
Rabbit Donkey Santa Cruz SC-2077 HRP-conjugated 1:5000 1:5000
IgG secondary antibody
Goat IgG Donkey Santa Cruz SC-2056 HRP-conjugated 1:5000
secondary antibody
Donkey Donkey Invitrogen A21202 Alexa Fluor- 1:300
a-mouse conjugated secondary
Alexa antibody
Fluor 488
Donkey Donkey Life A10042 Alexa Fluor- 1:300
a-rabbit Technologies conjugated secondary
Alexa antibody
Fluor 568
Donkey Donkey Invitrogen A11055 Alexa Fluor- 1:300
a-goat conjugated secondary
Alexa antibody
Fluor 488
Donkey Donkey Life A10037 Alexa Fluor- 1:300
o-mouse Technologies conjugated secondary

Alexa antibody

Fluor 568
Donkey Donkey Life A31573 Alexa Fluor- 1:300
a-rabbit Technologies conjugated secondary

Alexa antibody

Fluor 647

Table 2.3 Antibodies used for dot blotting, western blotting, and immunostaining.
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2.5 Immunostaining

2.5.1 Embryonic stem cells

Cells were grown on gelatin coated coverslips i their respective media conditions with the
addition of 50 U/mL Penicillin-Streptomycin (Gibco, 15070-063). Upon reaching confluency
the coverslips were removed and washed in PBS before fixation in 49% (v/v) paraformaldehyde
(PFA) (Thermo, 28908) for 15 minutes. Permeabilisation and blocking was performed using
blocking solution (1% (w/v) bovine serum albumin (BSA) (Sigma, A3311) and 0.1% (v/v) Triton
X-100 (Sigma, T8787)) in PBS for 45 minutes. The coverslips were incubated overnight with
primary antibodies in blocking solution in a humidified chamber. The following day the
coverslips were washed 3 times in blocking solution and then incubated with secondary
antibodies conjugated to Alexa dyes in the dark for an hour at room temperature. The coverslips
were washed once i blocking solution and then twice in blocking solution lacking Triton X-100.
DAPI was applied at 1 ng/ul for 10 minutes before a final wash step and mounting in Vectashield
(Vector laboratories, H-1000) with slides sealed using nail polish. The slides were then imaged
on a Leica SP5 confocal microscope. The antibodies used are detailed in Table 2.3. The images

generated were analysed using FIJI software.
2.5.2 Genital Ridges

Mice were mated and sacrificed at the appropriate time point during pregnancy. Embryos were
removed before their genital ridges were dissected out and fixed with 4% (v/v) PFA i PBS for
30 minutes at 4°C. Three wash steps were performed followed by overnight equilibration in 30%
(v/v) sucrose at 4°C. The tissue was then embedded in OCT (VWR Chemicals, 361603E) and

snap frozen in liquid nitrogen. Tissues were cut into 10 pm thick sections using a Leica CM
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1950 cryostat and positioned upon polylysine slides (Thermo Scientific, J2800AMNYZ). These

slides were then frozen at -80 °C.

Slides were equilibrated to room temperature, post-fixed with 2% (v/v) PFA for 3 minutes and
washed for 3x 10 minutes with PBS. Antigen presentation was performed by incubating the
slides in 10 mM sodium citrate (pH 6.0) at -80 °C for 10 minutes. Slides were quenched in PBS
prior to blocking and permeabilisation in blocking buffer (PBS with 19 (w/v) BSA and 0.1% (v/v)
Triton TX-100) at room temperature for 1 hour. Overnight incubation was performed at 4 °C
with primary antibodies diluted i blocking buffer in a humidified chamber. The remainder of

the protocol was performed as described above for immunostaining of stem cells.

2.5.3 PGC single cells

Mice were mated and sacrificed at the appropriate time point during pregnancy. Embryos were
removed before their genital ridges were dissected out and dissociated in TrpLLE Express (Gibco,
12604-013) for 20 minutes at 37 "C before pipetting up and down and quenching in serum media.
At the same time slides were incubated with poly-I-lysine solution (sigma, P4707) for 20 minutes.
Cells were resuspended i 200 pl serum media, placed on poly-L-lysine-treated shide and
mcubated for 20 minutes at 37 "C. Subsequently cells were washed in PBS before fixing in 4%
(v/v) PFA in PBS for 15 minutes. Three further PBS wash steps were performed before blocking
and permeabilisation in blocking buffer (PBS with 1% (w/v) BSA and 0.19% (v/v) Triton TX-100)
for > 30 minutes. Overnight incubation was performed at 4 °C with primary antibodies diluted
m blocking buffer in a humidified chamber. The remainder of the protocol was performed as

described above for immunostaining of stem cells (section 2.5.1).

2.5.4 Early embryo
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At the appropriate time points, early embryos were adhered to poly-L-lysine-treated slides and

stained as outlined for PGC single cells.

2.6 RNA extraction

2.6.1 QIAGEN RNeasy kit

RNA was extracted using the QIAGEN RNeasy kit (74104) as per protocol. RNA

concentrations were quantified by NanoDrop.

2.6.2 Zymo Research Duet DNA/RNA MiniPrep kit

RNA was extracted using the Zymo Research Duet DNA/RNA MiniPrep kit (D7001) as per

protocol. RNA concentrations were quantified by NanoDrop.

2.6.3 TRIzol

Cells were lysed in TRIzol (Ambion, 15596026) by vortexing or passing through a needle
depending on cell number. Samples were incubated for 5 minutes at room temperature to
ensure the complete dissociation of nucleoprotein complexes before 209% (v/v) chloroform was
added. The solution was mixed by vortexing followed by incubation for 5 minutes at room
temperature and centrifugation at 12,000 xg for 5 minutes at 4 °C to separate the aqueous and
organic phases. The aqueous phase was removed and precipitated by the addition of 0.5 ml
1sopropanol per 1 ml TRIzol and incubation at -80 °C for 1 hour. The precipitate was pelleted
by centrifugation at 12,000 xg for 10 minutes at 4 "C prior to washing in 75% (v/v) ethanol. The
samples were spun as before with residual wash buffer removed using a speed vacuum (Savant,
SPD121P) and redissolved in Diethyl pyrocarbonate (DEPC) (VWR, A0881.0020)-treated H:O.

RNA concentrations were quantified by NanoDrop.
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2.7 RNA quantification and quality assessment

2.7.1 Broanalyzer

Depending upon the amount and length of RNA samples in question either the Agilent RNA
6000 Nano Kit (Agilent, 5067-1511), Agilent RNA 6000 Pico Kit (Agilent, 5067-1513), or Agilent

Small RNA kit (Agilent, 5067-1548) were used, all as per protocol.

2.7.2 RNA gel electrophoresis

RNA samples were mixed 1:1 (v/v) with RNA Loading Dye (2x) (NEB, BO363A) with ethidium
bromide (Sigma, E1510) added to a final concentration of 100 ng/ul. Samples were then heated
at 65 °C for 15 minutes before cooling and loading, along with a ssRNA ladder (NEB, N0362S)
mto a Lonza Reliant Gel System precast gel (Lonza, 54922), which was run in DEPC-treated 0.5x
TBE. The gel was imaged using a gel doc. To enhance the signal from single-stranded RNA,
the gels were agitated i 1:10,000 SYBR Gold Nucleic Acid Gel Stain (Invitrogen, S11494) in

DEPC-treated 0.5x TBE before being reimaged.

2.8 Nucleotide digestion

2.8.1 DNase treatment

RNase-free DNase set (Qiagen, 79254) was used as per the protocol outlined for QIAGEN
RNeasy kit (74104) for both on-column and m-solution digestions, with adjustment of the enzyme
mcubation time to 20 minutes. DNase 1 (Sigma, 4716728001) and TURBO DNA-free kit

(Invitrogen, AM1907) were also trialled as DNases as per protocols.

82



2.8.2 RNase treatment

Purelink RNase A (Invitrogen, 12091-021) was used to digest RNA samples by the addition of

160 png of RNase A followed by incubation at 37 °C for 1 hour.

2.8.3 RNA clean up

Following in-solution nucleotide digestion, the RNA Clean & Concentrator kit (Zymo, R1013)
was used as per protocol. Through nuclease treatment and clean-up, the source of signals

detected in downstream dot blotting experiments could be elucidated.

2.9 RNA dot blot

2.9.1 Urea and formamide/formaldehyde methods

RNA was denatured in equal volume urea solution (8M urea and 10% (w/v) sucrose in 1x TBE)
or 3x RNA incubation solution (65.0% (v/v) formamide (Acros organics, 327235000), 7.77 %
formaldehyde (w/v) (Sigma, F8775), 1.33x MOPS) and incubated at 65 °C for 15 or 5 minutes
respectively before cooling on ice. Samples denatured in RNA incubation solution were mixed
with equal volumes of 20x SSC. Senal dilutions were created and spotted onto a Hybond-N
nylon transfer membrane (GE Healthcare, RPN203B), left to dry for 15 minutes, and then
ultraviolet-crosslinked at 1200 Jm®. Later experiments were performed with a 30-minute baking
step prior to UV crosslinking. Membranes were then blocked in 5% (w/v) non-fat milk in PBS-
T (0.19% (v/v) Tween-20) for an hour. Primary antibodies were diluted in 1% (w/v) non-fat milk
m PBS-T and the membranes were mcubated in this solution overnight. Membranes were
washed 4x > 10 minutes in PBST, incubated with HRP-conjugated secondary antibody for 1
hour and washed again for 4x > 10 minutes in PBST. Luminata Forte Western HRP substrate

(ELLUFO0100, Millipore) was used for detection on a GE ImageQuant LAS 4000 mini.
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Methylene blue stain (0.02% (w/v) methylene blue in 0.3M sodium acetate (pH 5.2)) was added
for 10 minutes; washed 3x 10 seconds in milli-Q H:O and imaged on a GE ImageQuant LLAS
4000 mini. Antibody dilutions are given in Table 2.3. The images generated were analysed using

FIJI software.

2.9.2 NaOH method

The method used was previously described in Miao et al., 2016, varying only in UV crosslinking
to a Hybond-N" nylon membrane being performed instead of baking to a nitrocellulose
membrane. Briefly RNA samples were digested with equal volumes of 2M NaOH (sigma, S804.)
m DEPC-treated H.O for 30 minutes at 4 "C. Samples were then dotted onto a Hybond-N"
nylon membrane, air-dried at room temperature for 15 minutes and then baked for 30 minutes
at 80 °C prior to UV crosslinking at 1200 Jm®. From here the remainder of the protocol followed

as outlined above for the urea and formamide/formaldehyde methods (section 2.9.1).

2.10 RNA subtype selection

2.10.1 Poly(A) enrichment

The Dynabead mRNA Purification Kit (Invitrogen, 61006) was used as per protocol.

2.10.2 Small RNA enrichment

2.10.2.1 Purelink miRNA 1solation kit

The Purelink miRNA Isolation Kit (Invitrogen, K157001) was used as per protocol, with binding
buffer optimised. 300 pl binding buftfer was added to TRIzol-extracted total RNA samples

followed by 300 pl 709% (v/v) ethanol. This mixture was transferred to a spin cartridge and
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centrifuged at 12,000 xg for 1 minute. To the flow-through 700 ul 1009 ethanol was added
before transfer to a new spin cartridge and centrifugation at 12,000 xg for 1 minute. The column
was washed twice with 500 pl wash buffer with centrifugation performed as above before a final
spin at maximum speed for 3 minutes to remove any remaining wash buffer. The columns were
moved to recovery tubes before 50 pul DEPC-treated H:O was applied. After incubation for a

minute centrifugation at maximum speed for 1 minute eluted the small RNA.
2.10.2.2 Gel extraction

An RNA gel was run as outlined earlier. A Dark Reader DR88X Transilluminator (Clare

Chemical Research) and scalpel were used to extract low base pair bands which were further
diced using the scalpel before addition of 400 pl gel elution buffer (20 mM Tris-HCl pH 7.5,

0.25 M sodium acetate, 1 mM EDTA, 0.25% (v/v) SDS). Gel fragments were frozen on dry ice

for 15 minutes and incubated overnight at room temperature.

The following day the samples were centrifuged at maximum speed for 10 minutes with the
RNA-containing supernatant taken for phenol:chloroform:soamyl alcohol extraction by the
addition of 800 pl. After vigorous shaking the sample was centrifuged at 12,000 xg for 5 minutes
with 1 ml 1sopropanol added to the supernatant. RNA precipitation occurred at -80 °C for 1
hour before centrifugation at maximum speed for 10 minutes. Washing in 75% occurred

followed by drying in a speed vacuum and resuspension in DEPC-treated H:O.
2.11 Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS)
2.11.1 Method development and optimisation

Pure nucleoside standards (C (Berry & Associates, PY 7215), A (Berry & Associates, PR 3005),

G (Berry & Associates, PR 3703), U (Berry & Associates, PY 7780), 5mC (Berry & Associates,



PY 7637), 5hmC (Berry & Associates, PY 7596), 5fC (Berry & Associates, PY 7599), 5CaC
(Berry & Associates, PY 7598) and m6A (Berry & Associates, PR 3732)) were resuspended in
LC-MS grade H.O (Fisher, W/0112/17). These samples were initially tested at 500 fmol using
a method adapted from Amouroux et al., 2016. Briefly, separation was performed on an Agilent
RRHD Eclipse Plus C18 2.1 x 100 mm 1.8u column by using the UHPLC 1290 system (Agilent)
and analysed using an Agilent 6490 triple quadrupole mass spectrometer. The chromatography
programme 1s outlined in Table 2.4. This was adapted to a shorter program, also given in Table
2.4, to facilitate optimisation of sequential mass spectrometer parameters in series. In both cases
buffer A consisted of 99.9% LLC-MS/MS H.O (Fischer, W011217) and 0.1% formic acid (Sigma,
94318) and buffer consisted of 79.99 methanol (Fischer, 10653963), 209% LC-MS/MS H.O
(Fischer, WO011217) and 0.19 formic acid (Sigma, 94318). After optimisation was complete, the
method was altered to the parameters outlined in Table 2.5, before limit of quantification and
limit of detection values were determined using a standard curve with dilution ration 1:5:2. The
standard curve used 1s provided in Table 2.6. L.OQ and LLOD thresholds were defined as signal

to noise ratios of 10 and 3 respectively, as determined by the peak-to-peak method.
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Standard RNA protocol RNA rapid screening protocol

Time A %] B [%] Time A %] B [%]
[minutes] [minutes]

0.00 99.90 0.10 0.00 97.00 3.00
4.00 99.90 0.10 0.10 97.00 3.00
14.00 80.00 20.00 3.00 40.00 60.00
14.50 0.00 100.00 4.00 97.00 3.00
15.50 0.00 100.00
16.00 99.90 0.10
20.00 99.90 0.10

Table 2.4 UHPLC mobile phase composition.

Parameter Before | Optimal

Sheath gas temperature (SGT) [°C] 350 350
Sheath gas flow (SGF) [l/min] 12 10
Nozzle [V] 0 0
Nebulizer pressure [psi] 55 20

Capillary [V] 3000 1500

High pressure RF (RFH) [V] 110 160
Low pressure RF (RFL) [V] 60 80

Gas temperature (DGT) [°C] 130 230
Gas flow (DGF) [l/min] 20 11

Table 2.5 Mass spectrometry parameters.
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Levels | Dilution Cand A 5mC, 5himC, Cand A S5mC, 5hmC, 5fC and
concentration | 5fC and m6A amount m6A amount injected
[fmol/pl] concentration | injected [fmol] [fmol]
[fmol/p]
10 1:20 500 25 5000 250
9 1:5 100 5 1000 50
8 1:2 50 2.5 500 25
7 1:5 10 0.5 100 5
6 1:2 5 0.250 50 2.50
5 1:5 1 0.05 10 0.5
4 1:2 0.5 0.025 5 0.25
3 1:5 0.1 0.005 1 0.05
2 1:2 0.05 0.0025 0.5 0.025
1 1:5 0.01 0.0005 0.1 0.005

Table 2.6 Nucleoside standard curve for LC-MS/MS analysis.

After optimisation, heavy-labelled nucleoside i1sotopologues (C-13C915N3 (Cambridge Isotope

Laboratories, CNLM-3807-PK), 5mC-13CD3 (Santa Cruz, SC-482515), 5hmC-13D2 (Toronto

Research Chemicals, H947092), A-13C1015N5 (Cambrdge Isotope Laboratories, CNLM-

3806-CA) and m6A—D3 (Toronto Research Chemicals, M275897)) were resuspended in LC-

MS grade H:O and used in addition to the light nucleoside standards to assess, and correct for,

10N suppression.

2.11.2 Sample preparation

2.11.2.1 Enzymatic cleaning

A Microcon-10kDa

Centrifugal Filter

Unit with Ulgacel-10

membrane

(Millipore,

MRCPRTO010) was used to clean an enzymatic mixture used to digest RNA samples to

nucleosides (Nucleoside Digestion Mix (NEB, M0649S)) to reduce contamination, particularly
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of glycerol and nucleosides. 75 pl 1x NEB buffer was applied to the column, which was spun at
14,000 xg for an hour at 8 °C in order to precondition it. 0.2 pl of the enzymatic digestion mix
was taken per RNA sample to be digested, added to 50 pl 1x NEB buffer, and added to the
column which was spun at 14,000 xg for 15 minutes at 8 °C. The enzyme was washed with a
further 50 pl 1x NEB buffer and spun as before. Elution into a collection tube was performed
by inverting the column and centrifuging at 3,000 xg for 1 minute at 8 "C. The elution volume
was determined through the use of a top pan balance and used to calculate the appropriate
volume of washed enzyme to use for each reaction. Once cleaned and eluted, the enzyme was

used immediately for RNA digestion.

2.11.2.2 RNA digestion to nucleosides

RNA samples up to 250 ng were digested for 12 hours at 37 °C in a reaction mix as specified in

Table 2.7.

Component Volume [pl]

RNA X
LC-MS/MS 18- (x+y)

H.O

10x NEB buffer 2

enzyme y

Total 20

Table 2.7 RNA digestion master mix for LC-MS/MS.

2.11.2.3 Sample preparation

The digested RNA nucleoside mix outlined above (section 2.11.2.20 was diluted 1:500 and 1:5

to enable the quantification of nucleosides over a very large abundance range. To all samples
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and standard curve points heavy-labelled nucleoside 1sotopologues were added to a total amount
equal to that of the light nucleosides in the level 6 standard curve point (50 fmol for unmodified
nucleosides and 2.5 fmol for modified nucleosides). All samples and standards were run in

technical duplicate.
2.12 Real-ime quantitative PCR (RT-qPCR)

RT-qPCR was performed as described in Leitch et al., 2013. Briefly, reverse transcription was
performed on 1 pg RNA using the Takara Clontech Primescript RT reagent kit with gDNA
eraser (perfect real ime) (Clontech, RR047A) with random primers. A fraction of all samples
was taken to create a standard for downstream analysis before the remaining volume of samples
was diluted 1:40. Of this dilution 3 pl was added to each 10 pl Bioline Sensimix SYBR No-Rox
(Bioline, QT650-05) reaction mix and RT-qPCR performed using both the standard-curve and
AACT methods. Cycling conditions were 95 °C 10 min; 40 cycles of 95 °C 15 s; 60 °C 15 s; and
72 °C 15 s, followed by a melting curve from 55 °C to 95 °C. Primer sequences are provided in

Table 2.8 along with references where applicable.
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Region Forward Reverse Annealing temperature [°C] Reference
TRDMT1 GCAGAGGATGCGCAGATTGAG ATTGCCAAGCAGCCGGTAAC 60
NOP2 CCCATGCAGGAAACTCGGCAG ACGGGCTITTCTTGGTGGGC 60
NSUN2 CAGCGACGGCGGCAGAAA CTTTGGCATGGCTTTTGTACCC 60
NSUNS3 GCTGCAATGTGCTTATCCAGGT GGAGCGTCAACTAACACCTTGTC 60
NSUN4 AGAAATGGGCTACCACAGAACC GCTGCTCCAGCTTAGCACTCAC 60
NSUNS CTGGGGTCTCTTGCTGCGAGT AGCATGCCAGAGCCACTACAAGA 60
NSUNG6 CCCATGACTGGACCAAGGAAGAA ATGGGCCCCTCTTAACACTGCAT 60
NSUN7 CTGTTCTCCCACTGTGCACCC CTCAGATGGGTCCCGCTCTCT 60
GAPDH CTGACGTGCCGCCTGGAGAAA CCCGGCATCGAAGGTGGAAGA 60 Leitch et al.,, 2013
DNMT1 CGGAACTAGGTGAAGTTTCAA CAAATAGATCCCCAAGATCCA 60
DNMT3A1 & DNMT3A2 TGATGATTGACGCCAAAGAA TCACAGTGGATGCCAAAGG 60
DNMT3A1 TTCTCCTCCTGTTCCTCTCCT GCCTACTGCCCAGCAATG 60
DNMT3B GATTCTGGGGGAGGCTCTT CAGGACGCGCTCTGAAAG 60
DNMT3L AACATTCCAGGGCTGAAGAG GCTTGCTCCTGCTTCTIGACT 60
TET1 AGCACCCCGAGGACGATAAC CAAAGGAAGGATCGGCGTAG 60
TET?2 TTTGTCAAACTGCTGGCCAA GGGATGTCACTGCCTTCCTC 60
TETS CTGAGGACGAGCAACTGCAC CGTTCIGGTTTTCCTCGCTG 60
Rexl TCACTGTGCTGCCTCCAAGT GGGCACTGATCCGCAAAC 54 Kim et al.,, 2013
NrObl TCCAGGCCATCAAGAGTTTC ATCIGCTGGGTTCICCACTG 50 Kim et al.,, 2013
Fgtb GCAGCCCACGGGTCAA CGGTTGCTCGGACTGCTT 53 Kim et al,, 2013
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Cdx2 AGTGAGCTGGCTGCCACACT GCTGCTGCTGCTTCTTCTTGA 53 Chrysanthou et al., 2018
Elf> ATTCGCTCGCAAGGTTACTCC GGATGCCACAGTTCTCTTCAGG 52 Chrysanthou et al., 2018
Gata6 GAAGCGCGTGCCTTCATC GTAGTGGTTGTGGTGTGACAGTTG 52 Artus et al., 2011,
Alexandrovich et al. 2006
Sox17 CTTCCCTACCAGGGACACGA ACTGCTTCTGGCCCTCAGGT 58 Artus et al., 2011,
Vazquez-Zapien et al. 2016
Zeb2 GAGGAAAGAGATGGCCACG GTCAGCAGTTGGGCAAAAG 50 Chrysanthou et al., 2018
Snai2 CCTTTCTCTTGCCCTCACTG ACAGCAGCCAGACTCCTCAT 51 Chrysanthou et al., 2018
Snail CTTGTGTCTGCACGACCTGT CTTCACATCCGAGTGGGTTT 50 Chrysanthou et al., 2018
CDH2 GTCTGTGGAGGCTTCTGGT GTCCTCGTCCACCTTGAAA 50 Chrysanthou et al., 2018
Vim ACTGCAGGAGCTGAATGACC CGCATCTCCTCCTCGTACAG 52 Chrysanthou et al., 2018
Evxl GCTGTGTATGCAGAGCAGGTAGA CCCCTAAATGGCTGGGATGT 52 Wen et al., 2017
Mus musuzllal)s brachyury ACAGTCACAGACATTTCTGACAGC TCACATAGATGGGGGTGACAC 51 Wen et al., 2017
Mespl ATCCCAGGAAAGGCAGGAA GAAGGTGCCAAGACCAAAGG 51 Wen et al., 2017
18s rRNA CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG 51
28s IRNA AGGGATAACTGGCTTGTGGC GATGGTAGCTTCGCCCCATT 53
5s IRNA TCTCGTCTGATCTCGGAAGC AGCCTACAGCACCCGGTATT 51 Uchida et al., 2010
GOFI18APE-EGFP AACCACTACCTGAGCACCC ACCTCTACAAATGTGGTATG 55 Yoshimizu et al., 1999

Table 2.8 Primers used for RT-qPCR.



2.13 Bactenal work and 1 vitro transcription

Preparing agar plates, colony picking, and stab culture were performed as outlined on Addgene
(http://www.addgene.org).  Transformation of Dam/Dcm competent FEscherichia coli
(NEB,C29251) was performed as per supplier’s protocol using a plasmid encoding for a Flag-

tagged histone H2A in a pCRII-TOPO vector (Nashun et al., 2010).

2.13.1 Plasmid extraction

Plasmids were extracted using the QIAGEN QIAprep Spin Miniprep Kit (27106) as per

protocol.

2.13.2 Plasmid sequencing

Plasmid sequencing was performed by Genewiz with primers to the SP6

ATTTAGGTGACACTATAG) and 'T7 (TAATACGACTCACTATAGGG) promoters used.
2.13.3 In vitro transcription

In vitro transcription was performed using Ambion MEGAscript T7 Kit (AM1330), with sample
purification carried out using the Ambion MEGAclear Kit (AM1908). Both kits were used as
per protocol, with either 5SmCTP (Trilink, N-1014) or 5ShmCTP (Trilink, TD-FPO1A-4) used in
licu of CTP to transcribe from the Flag-tagged histone H2A in a pCRII-TOPO vector plasmid

(Nashun et al., 2010).
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Chapter 3: Development of

methods and tools
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3.1 Introduction

Historically advancements 1in the field of biological RNA modifications have been limited by the
lack of sufficiently accurate and sensitive techniques. Techniques in analysing RNA
modifications can typically be considered as those which map the location of modification sites
within the transcriptome, and those which quantify the abundance of the modification. Site
mapping necessitates sequencing with techniques, mostly adapted versions of established DNA
sequencing, using either the susceptibility to chemical deamination or immunoprecipitation prior
to sequencing. During bisulphite sequencing (Bis-seq) sodium bisulphite causes cytosines to be
deaminated to thymines, with modified cytosines resisting deamination due to the additional
chemical group (Huang et al., 2019). Antibodies raised against modified nucleotides can be used
to pull down RNA with the epitope modification in RNA immunoprecipitation sequencing (RIP-
seq) (Meyer et al., 2012). Identfication of modified RNA sites generated by specific enzymes
can be assayed by mutagenesis of the active site of RNA modification depositing enzymes to
result in stable covalent intermediates upon catalysis. These structures can be pulled down using
antibodies to the enzyme in methylated mdividual-nucleotide-resolution crosslinking and

immunoprecipitation (miCLIP) (Hussain et al., 2013).

None of these techniques are truly quantitative in their assessment of RNA modification
abundance. In order to analyse this critical aspect of modified RNA biology, dot blotting or
ultimately liquid chromatography tandem mass spectrometry are required. These techniques,
though iteratively improved over time, retain certamn limitations which I shall aim to address

before applying my optimised techniques to 2 vitro and in vivo reprogramming models.

3.1.1 Dot blotting

Dot blotting 1s an antibody-based molecular biology technique upon which a number of

variations exist. It specifically refers to a hybrdisation method to fix a desired chemical to a
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membrane. In regards to nucleic acids, it involves a small volume of denatured sample being
applied to a membrane and fixed in place. The membrane is then blocked, incubated with a
primary antibody against the epitope of interest, before further washing and horseradish
peroxidase (HRP)-conjugated secondary antibody incubation. After the final wash steps,
enhanced chemiluminescence (ECL) reagent 1s used to generate a chemiluminescent signal
which 1s detected to generate an 1mage either on film or electronically. When dot blotting using

polynucleotides, equal loading can be determined through methylene blue staining (Mishima et

al., 2015, Hodge, 1998, Miao et al., 2016, Cui et al., 2017).

Linearity of signal, epitope specificity, and reproducibility of results are common issues
encountered in dot blotting. Kach shall be carefully considered and assessed during method

development.

3.1.2 Liquid chromatography tandem mass spectrometry

3.1.2.1 Principles of chromatography and Van Deemter equation

All forms of chromatography are based upon the separation of the components of a mixture
based upon differing relative atfimities for a mobile and stationary phase which vary in their
physicochemical properties. Depending upon the system and application different chemistries
are used for the stationary and mobile phases. For liquid chromatography (LC) or gas
chromatography (GC) separation occurs mnside a column which is packaged with beads coated
mn the stationary phase (Fig 3.1). Particles can take a range of different paths through the bead-
packed column (as illustrated by the green, blue and red arrows in Fig 3.1), resulting in peak
broadening. The efficiency of separation on a column can be modelled using the van Deemter

equation:
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H=A+B/p+Cp

Where:

H = Height equivalent theoretical plate (HETP)

p = average linear velocity of the mobile phase

A = eddy diffusion term

B = Longitudinal diffusion term

C = Resistance to mass transfer (non-equilibrium) term

Equation 3.1 The van Deemter equation
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Fig 3.1 Eddy diffusion in a packed chromatography column.

Differing particle paths (green, blue or red) result in differing travel distances for elute particles. Adapted from
Harvey. D, 2014. Figure reproduced under a Creative Commons Attribution-NonCommercial-Share Alike 3.0
Unported (CC BY-NC-SA 3.0) License.

HETP 1s a measure of the resolution of a peak for an eluted chemical. The total length of the
column divided by this hypothetical measure of late height gives the plate number (N). This 1s
effectively the maximum number of fully resolved peaks which can stretch from one end of the

column to the other, and so N represents the separation efficiency of the column. Maximising
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the N value 1s often the goal of chromatographic method development, and so for a given column
length the lowest H value is optimal. Eddy diffusion (A term) occurs due to multiple flow paths
through the packed column (Fig 3.1), while longitudinal diffusion (B term) is in the plane of the
mobile phase flow (van Deemter et al., 1956). Resistance to mass transfer 1s a constant which
factors in the non-uniformity of compound partition between the mobile and stationary phases
(van Deemter et al., 1956). Factors which result in this non-uniformity include slower flow rates
around the perimeter of the column and the kinetics of establishing partition equilibrium at the
peak front (van Deemter et al., 1956). When generating any method mvolving hiquid or gas
chromatography these factors must be considered on an application-specific basis to determine
and 1mprove suitability. Due to RNA nucleosides being highly soluble, naturally in the aqueous
state from their biological source, and being highly polar, reverse phase liquid chromatography
1s typically used to separate them. This involves a hydrophobic stationary phase (most commonly
a C-18 column consisting of many 18-carbon long octadecylsilyl molecules covalently bonded to
silica beads) over which an aqueous mobile phase is run. The mobile phase may be constant if
the system 1s run i an equilibrium mode, however more commonly elution 1s achieved by the

use of a gradient approach by which the mobile phase steadily becomes more hydrophobic.

3.1.2.2 Electrospray 1onisation and triple quadrupole mass spectrometry

Mass spectrometry is an analytical process which uses the trajectory of charged molecules in an
electric field to determine the mass to charge ratio (m/z) of the molecule. Following separation
of compounds within a mixture by high-performance liquid chromatography (HPLC), the eluate
can run mnto a mass spectrometer for analysis. As 1ons are required for the detection by mass
spectrometry, buffers are used to ensure that the analyte compounds of interest exist as either

positive or negative ions. For the work outlined within this thesis positive mode mass
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spectrometry was performed, with cations generated through the addition of 0.1 % formic acid
to all mobile phase components (Chapter 2: Materials and Methods: Table 2.4). Desolvation of
the charged aqueous analyte 10ons occurs in the nebuliser. Under pressure, and surrounded by a
concentric flow of nitrogen gas, droplets of analyte-containing solvent undergo solvent
evaporation, concentrating the charged molecules. This results in a coulombic explosion to give
desolvated gas phase 1ons (Fenn et al., 1990, Mora et al., 2000). This process 1s referred to as
electrospray 1onisation (ESI) and 1s necessary to enable the movement, collisions, and eventually

detection of the analyte compound by the downstream mass spectrometry instrumentation.

From the ESI source the charged 1ons pass through a hexabore capillary over which a constant
potential difference 1s applied. This acts to filter out any neutral molecules before reaching the
first m/z filter. There are a number of differing mass spectrometry imstrumentations used to fulfil
the role of a m/z filter. The importance of the strengths and limitations of each 1s determined
by the desired application of the operator. Triple quadrupole mass spectrometry is outlined
here, as it 1s the most common instrumentation chosen to analyse RNA modifications,
representing the most sensitive mstrumentation currently developed (Su et al., 2014, Huang et
al, 2016, Yan et al., 2013, Huber et al., 2015, Fu et al., 2014). This 1s appropriate, as RNA
modifications are often present at low abundances, particularly when compared to unmodified
nucleosides, i biological samples (Huber et al., 2015). Sensitivity was considered to be the most
mmportant factor when optimisation was performed. The need for this was particularly acute, as
it was hoped to be able to quantify the modified ribonucleoside levels within PGCs, which exist

at a low cell number within the developing mouse embryo.

In a quadrupole both a direct current and a separate oscillating alternative current are applied
between 4 parallel electrodes, which results i a particle of a specific m/z value passing through
mn a spiralling trajectory to exit to a detector (Fig 3.2) (Batey, 2014, Miller et al., 1986). Such an

1on 1s referred to as a resonant ion. An ion of any other mass to charge ratio will result in a non-
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resonant, unstable trajectory, which does not pass through the exit sht. By this methodology,
only particles of a specified m/z value are able to pass through the quadrupole, thus acting as a
m/z filter. Triple quadrupoles involve ions passing through 3 quadrupoles in tandem before
reaching the detector. Quadrupole 1 specifies the precursor 1on, while in quadrupole 2 collision
mduced dissociation (CID) occurs, whereby the 1on fragments in a reproducible manner upon
collision with inert gas molecules (Yost et al., 1979). The charged fragment(s) are then specified
by the third quadrupole. By selecting the precursor 1on, collision conditions, and product 1on,
the three quadrupoles act together to give a highly specific methodology for determining the
1dentity of the original eluate from the HPLC column. By cycling between differing Q1 and Q3
m/z values, multiple eluates can be sampled at once in a process referred to as multiple reaction
monitoring (MRM). After quadrupole 3 the fragmented 1on passes to a channel electron
multiplier detector, which records an electrical impulse in proportion to the number of charged

molecules which strike it (Yost et al., 1979).

Detector

Exit slit
Quadrupole rods
ACIDC current

" Resonant ion

Non resonant ion

Source slit

Fig 3.2 Quadrupole mass spectrometer. Diagram of instrument operation.

(Santoiemma, 2018). Figure reproduced with permission of the rights holder, Elsevier.
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3.2 Experimental aims

The overniding aim of this chapter was to develop two separate, but complementary, assays to
quantify modified RNA nucleoside abundance in heterogeneous biological RNA samples. The
diversity of RNA subtypes, along with material 1solated from different 2 vitro and inn vivo models,
contribute to the heterogeneity of the samples. I resolved to optimise the sensitivity of RNA dot
blotting, while ensuring that reproducible and substrate-specific results are obtamed.
Additionally, LC-MS/MS technology was to be used to build upon the intrinsic specificity of this

assay to generate as sensitive an assay as could be achieved.
3.3 Results

3.3.1 Dot blotting development as a semi-quantitative measure of modified RNA

nucleotide abundance

Optimisation began upon RNA extracted from J1 mESCs grown in serum containing media.
This sample was chosen as a readily available source of RNA which 1s reflective of the type of
sample the technique was to be used for after optimisation. The 33D3 anti->mC antibody used
as the primary antibody recognises both DNA 5mdC and RNA 5mC. As such, DNase treatment
was performed on the samples by incubation with TURBO DNase for 20 minutes at 37 °C. After
column clean-up, sample denaturation was compared between two established techniques.
Denaturing either occurred by heating at 65 °C in 8M urea, or for 5 minutes in a formamide and
formaldehyde solution containing 65.0% (v/v) formamide, 7.77 9% formaldehyde (w/v) in 1.33x
MOPS (hereby referred to as F&F) (Mishima et al., 2015, Hodge, 1998). As a positive control
J1 mESC DNA was also used with denaturing performed through the addition of 0.1M NaOH
and heating at 95 °C for 5 minutes. DNA 5mC dot blotting has been performed i the lab
previously using this approach (Amouroux et al., 2016). The F&F methodology involves diluting

the sample 8x overall though the use of F&F solution and 20x SSC, whereas the urea method
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only results in a 2x dilution. The two methods were thus compared by both dotting the same
amount of RNA on the membrane, and also dotting 4x more urea-treated sample. This enabled
separate comparisons between equally loaded RNA, and the maximum amount of RNA that
could be loaded from a set concentration of sample. The DNA positive control gives the
strongest signal, even though the total amount of DNA is lower than that for the RNA. A greater
signal 1s observed in the F&F treated sample than the urea treated sample at either 826.6 ng or

206.7 ng (Fig 3.3). Accordingly, the F&F method was taken forward for further work.

o <

Figure 3.3 Tralling RNA dot blot denaturation methodology shows F&F to be optimal.

Two competing RNA denaturation methodologies were trialled together, alongside a DNA positive control, to
determine which methodology to use for continuing optimisation. The data represents 1 biological replicate.

In order to test the linearity of the signal observed, a dilution series of RNA extracted from E14
mESCs and DNMT triple knockout ('KO) mESCs, each grown in either serum containing or
21 media, as well as EpiSCs were made. Methylene blue staining was used to control for any
loading inconsistencies. Figure 3.4A and B show that there 1s a inear chemiluminescent 5mC

signal detected for the E14 cell lines as well as the EpiSC across the concentration ranges tested.
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No signal was observed in the TKO cell lines regardless of culturing media condition. Dot
blotting was also performed using an anti->hmC antibody (Fig. 3.4). Promisingly, a linear signal
was also observed 1n this instance, although it was only in RNA from E14 serum cells that any
signal was detected. Together, these results were highly promising in terms of the application of
the technique, as well as the potential biological implications of these results. As I had observed
a much stronger signal per nanogram of material for DNA than RNA with the anti->mC antibody
(Fig 3.1), I wanted to ensure that the signals observed were not the result of contaminating DNA.
To ensure that the signal I was observing was not due to contaminating DNA 5mdC, I repeated
the experiment with altered DNase treatments. Figure 3.5A shows clearly that the signal found
m my initial samples was not detected upon either a new lot of TURBO DNase or QIAGEN
RNase-free DNase digestion. This 1s consistent with the RNA 5mC signals detected so far being
due to contaminating DNA 5mdC. Consistent with this, RNA samples treated with no nuclease
give 5mC signal, which 1s lost upon DNase treatment (Fig 3.5B and Fig.3.5C). Digestion with
DNase and RNase A ablates the methylene blue signal, indicating that RNA 1s present on the
membrane in the absence of RNase A treatment (Fig 3.5B and Fig.3.5C). The methylene blue
signal between the untreated and DNase treated samples are equivalent, showing that the
contaminating DNA 5mdC giving rise to the detected signal represents a minor fraction of the
total polynucleotide. As a result, even small amounts of contaminating DNA can dominate any
signal that may come from RNA. This problem is exacerbated two-fold; cytidine methylation at
the 5 position 1s more abundant in DNA than RNA, and, after factoring this in the 33D3 anti-
S>mC antibody appears to shows greater affinity towards the DNA epitope (Fig. 3.1). This was
later confirmed once a parallel LC-MS/MS approach was operational. An additional
complication 1s that seemingly upon complete DNA removal the assay, as it existed at this point
I time, was unable to detect a signal from RNA (Fig 38.5). To circumvent this and enable assay

I

development, m wtro transcription using S-methylcytidine triphosphate (bmCTP) or 5-
p p g yICy phosp
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hydroxymethylcytidine triphosphate (bhmCTP) in lieu of CTP was performed to generate an
artifictal RNA transcript in which 1009% of all cytidines are 5mC or 5hmC respectively. From
this 1t was hypothesised that a signal could be detected, and optimisation performed, before
reverting back to biological RNA samples. As an additional control, the RNA generated would
be split into two equal volumes treated either with or without DNase-free RNase A. Any signal
observed i the -RNase A sample, but either devoid or diminished in the +RNase A sample

represents bona fide RNA 5mC or 5hmC as appropriate.
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A Chemiluminescence Methylene Blue
RNA amount [ng]  539.8  269.9 135.0 67.48 539.8 269.9 135.0 67.48

14 serum . g
E14 2i ¢
TKO serum
TKO 2i >
B Chemiluminescence Methylene Blue
RNA amount [ng] 572.9 286.4 143.2 71.61 572.9 2864 143.2 71.61
Fl14 serum | _ ; 3(' .
E14 9i . . ¢ &

EiSC @ @ o

C Chemiluminescence Methylene Blue
RNA amount [ng]  531.2 265.6 132.8 66.40 531.2 265.6 132.8 66.40

El4 serum

E14 21

TKO serum

TKO 21

Fig 3.4 Validation of signal linearity in RNA 5mC and 5hmC dot blotting.

Anti-5mC (A) and (B) or anti->hmC (C) dot blotting was performed on serial dilutions of RNA from a variety of
mouse stem cells. The data represents 1 biological replicate.
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A RNA amount [ngl 748.1 374.1 187.0 93.52

El4 serum
TURBO
DNase lot 1
El4 21
E14 serum
TURBO
DNase lot 2
E14 %
QIAGEN E14 serum
DNase
B El4 Serom | El4 Serom | El14 S8erom
(mireated) | (DNase) (DNase
+RNase)

Amomnd/ ng | 194.61 194,61

M 12.168 12.168

DNase & DNase &
Unireated DNase RNase Untreated DNase RNase

Fig 3.5 RNA 5mC dot blot signal is due to contaminating DNA 5mdC.

(A) Novel RNA preparations with fresh TURBO DNase or the alternative QIAGEN DNase result in no
detectable RNA 5mC signal. The samples used and amounts of RNA blotted for the dot blot (C) are provided

in table (B). In fresh preparations only the absence of DNase treatment causes 5mC signal to be detected. The
data represents 1 biological replicate.
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While generating 1n vitro transcribed RNA with 100% cytidine methylation or hydroxylation and
performing digestion with/without RNase A, a divergent RNA dot blotting protocol was
published which appeared promising (Miao et al., 2016). The key differences from the
approaches I had been using were in denaturation and membrane fixing. RNA denaturation
occurred with the addition of an equal volume of 2 M NaOH and incubation for 30 minutes at
4 °C and membrane fixing occurred by air drying for 15 minutes before baking at 80 °C for 30
minutes. This protocol was optimised using 100 ng of RNA extracted from mouse brain tissue.
Figure 3.6 shows that for both 5mC (Fig. 3.6A) and 5hmC (Fig 3.6C) there 1s a signal detected
which 1s ablated upon RNase A treatment.  Despite background amounts of nucleic acids in
samples treated with both DNase and RNase A were detected using a nanodrop, the methylene
blue staining in the +RNase A samples appears identical to the -RNase A samples. Additionally,
the signal detected was not a linear for either 5mC or 5hmC. Through repeated blotting and
optimisation linear signals could not be achieved with this protocol. In light of this I decided at
this stage to return to the F&F protocol. So far this method had not been proved to be able to
detect RNA 5mC, although from DNA contamiation it had been shown to be capable of

providing the signal linearity necessary to enable semi-quantitation.
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RNA RNA RNA RNA
Amount [ng] | Amount [ng] | Amount [ng] | Amount [ng]
In vitro 5mC 532.5 226.3 133.1 66.563
33.28 16.64 8.320 4.160
Chemiluminescence Methylene blue
In vitro 5mC
-RNase
In vitro 5mC
+RNase
RNA RNA RNA RNA
Amount [ng] | Amount [ng] | Amount [ng] | Amount [ng]
Invitro 5ShmC | 509.9 255.0 127.5 63.74
31.87 15.93 7.967 3.084
Chemiluminescence Methylene blue

-RNase

In vitro 5hmC
+RNase

Fig 3.6 In witro transcribed 5SmC and 5hmC dot blotting with RNase A control, NaOH
denaturation, and baking.

Dot blotting was performed in accordance with Miao et al., 2016. The amount of RNA used in the 8-point

standard curve for the 5mC (B) and 5hmC dot blots (D) are provided in tables (A) and (C) respectively. The
data represents 1 biological replicate.
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Upon returning to the F&F protocol, testing the i vitro transcribed modified transcripts was
combined with an additional antibody dilution series for the 33D3 5mC. The optimal dilution
factor was confirmed to be 1:1000, which was the dilution used up to this point based upon initial
provisional trials with DNA contaminated samples (Fig. 3.4). This was the only dilution that gave
a clearly definable circular dot signal over the background. A signal was detected, but only at
around 1000 ng of total RNA. Given that biological samples will have RNA methylation levels
approximately 100-fold lower than in these completely methylated transcripts, the amount of
RNA required to generate a bona fide signal was unfeasibly high (Huber et al., 2015). The
maximum amount of RNA that can be applied 1s defined by its solubility constant. At this stage
it cannot be excluded that a trace of DNA 5mdC is contaminating the dot blots from the upstream
RNA preparation. In order to conclusively rule this out, Dam-/Dcm- competent Escherichia coli
were transformed with the Flag-tagged histone H2A 1 a pCRII-TOPO plasmid used for mn vitro
transcription (Nashun et al., 2010). These bacteria lack DNA methyltransferases Dam and Dcem,
which result in them being unable to add or maintain DNA 5mdC (Marinus and Morris, 1973,
and Geier and Modrich, 1979, May and Hattman 1975). After transfection puromycin selection
was performed and colonies grown on agar dishes. The plasmids extracted from these bacteria
had no DNA 5mdC, and so upon in vitro transcription with 5SmCTP or 5hmCTP there was no
capacity for contaminating DNA signal in the proceeding RNA dot blots. Figure 3.7 gives the
first conclusively RNA-derived 5mC dot blotting signal. This signal 1s linear and absent upon
RNase A treatment. Itis slightly lower than that from 2 vitro transcribed RNA from the original
plasmid which contained DNA 5mdC, showing that some DNA contamination was still
occurring. The Iimit of detect was 133 ng of RNA, which was an improvement upon the work in
figure 3.7. This was achieved through altering to blocking using milk as opposed to BSA.

However, this level of sensitivity was not sufficient to be applicable to biological RNA samples.
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RNA Amount | RNA Amount RNA Amount RNA Amount
[ng] [ng] [ng] [ng]

Dam'/Dem* m | 226.3 133.1 66.56 33.28

WPl [ 8320 1160 3,080

Dam/Dcm in 226.3 133.1 66.56 33.28

vitro template = 8320 1160 2,080

Dam'/Dem” in

vitro template

+RNase .

B Chemiluminescence Methylene blue
Dam’/Dem?* §
in vitro
template
¥
Dam/Demr - 0O
in vitro ’
template
P )
Dam/Dem .
m vitro e |
- |

template |
+RNase ‘ |

—

Fig 3.7 In vitro transcribed RNA from an unmethylated plasmid gives a true RNA 5mC signal.

The amount of RNA used in the 8-point standard curve for the dot blot (B) is provided in table (A). The data
represents 1 biological replicate.

Fixation of RNA to membranes was found to be maximal upon baking at 80 °C for 30 minutes
before UV crosshinking. This provided signal detection from 17ng of 10096 methylated i vitro
transcribed RNA when the signal from dots with a greater amount of RNA was allowed to
oversaturate (Figure 3.8A and B). It follows that if RNA methylation exists at approximately 1 %
m mouse tissues, that 1700 ng of mouse RNA would be necessary to detect a signal, which 1s
eminently feasible (Huber et al., 2015). Figures 3.8A and B show that by employing the same
approach for 1009% hydroxymethylated in vitro transcribed RNA a bona fide RNA 5hmC signal

can be detected from as little as ~0.12 ng of material. It was anticipated that RNA 5hmC would
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exist at levels around 0.001% of all cytidines in mice, indicating that 12,000 ng of biological
material would be required (Huber et al., 2015). It was unclear at this stage whether the RNA
concentrations necessary to load this amount of RNA were physically possible. A strong
brightfield signal 1s observed for the methylene blue stained 1mage at RNA amounts that do not
normally give a signal. This 1s the result of the intense chemiluminescent signals burning a

permanent stain onto the membrane, as opposed to a methylene blue signal.
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A RNA RNA RNA RNA
Amount | Amount | Amount | Amount
[ng] [ng] [ngl] [ng]
Dam/Demr | 554.45 277.23 138.61 69.306
in vitro 34.653 17.327 8.6633 4,3316
template 2.1658 1.0829 054146 | 0.27073
dmC
B Chemiluminescence
Crosslinking Baking & crosslinking

Methylene blue
Crosslinking Baking & crosslinking

c Amount | Amount | Amount | Amount
[ng] Ingl [ng] [ng]
Dam/Demr | 255.0 127.5 63.74 31.87
in vitro 15.93 7.967 3.984 1.992
template; (.9959 0.4979 0.2490 0.1245
ShmC
D Chemiluminescence Methylene blue

Fig 3.8 Optimisation of RNA crosslinking and definition of a-5mC and a-5hmC RNA dot
blot LOD values.

The amount of RNA used in the 12-point standard curve for the 5mC (B) and 5hmC dot blots (D) are provided
in tables (A) and (C) respectively. The data represents 1 biological replicate.
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Prior to returning to biological RNA transcripts, anti->mC antibodies were trialled. The
Millipore 33D3 clone (Millipore, MABE146) used to date is the most pervasively used in the
field, however independently generated anti->mC antibodies by Cell Signalling Technology
(D3S27) and Abcam (RM231) were available at the time of investigation. These antibodies were
compared to the 33D3 clone to determine if they were better suited to the application,
particularly i light of the 33D3 clone showing epitope preference for 5 mdC over 5mC (Fig. 3.1).
The results of these trials are highlighted in Figure 3.9. The sensitivity of the Cell Signalling
Technology antibody was lower than the 33D3 clone (Figure 3.9A and B). The Abcam RM231
antibody had a limit of detection similar to that of the Millipore 33D3 clone, however it did not
display a linear signal (Figure 3.9C and D). The brightfield signal observed 1s primarily due to
chemiluminescent burning as opposed to methylene blue signalling (Figure 3.9D). As these were
the only antibodies commercially available, the 33D3 clone was advanced forward to use on

biological RNA samples.
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A RNA RNA RNA RNA
Amount | Amount | Amount | Amount
[ng] [ng] Ing] [ng]

Dam/Dcm- | 20 106 5 2.5

in vitro 1.25 0.625 0.313 0.156

termplate
B Chemiluminescence

Millipore Cell Signalling Technology

Methylene blue
Millipore Cell Signalling Technology

c Amount | Amount | Amount | Amount
[ng] [ngl [ng] [ng]
Dam/Dem | 554.45 277.28 138.61 69.306
in vitro 34.653 17.327 8.6633 4.3316
template: 2.1658 1.0829 | 0.54146 |0.27073

D Abcam
Chemiluminescence Methylene blue

Fig 3.9 Anti-5mC antibody trials reveal Abcam (RM231) to be the most sensitive antibody.
The amount of RNA used in the 8-point standard curve for the dot blots in (B) is provided in table (A). The

amount of RNA used in the 12-point standard curve for the dot blot in (D) is provided in table (C). The data
represents 1 biological replicate.
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Speed vacuuming was used to the point that RNA visibly precipitated from samples. Through
this it was determined that 16,000 ng/pl was the upper RNA concentration threshold. This
limited the amount of RNA that could be loaded in a single dot to 8000 ng. RNA from E14 and
TKO mESCs grown in serum and 21 were used at this amount. However, no clear 5mC or
HhmC signal was detected from these samples (Figure 3.10). Only with the Abcam anti->mC
antibody could a faint signal be observed, although it was at background levels. In vitro
transcribed RNA was used as a positive control in each case to show that the optimised
methodology was still working. This demonstrates that the epitope abundances in these RNA
samples was not sufficient to detect an RNA 5mC or 5hmC signal using this dot blot apparatus.
This approach thus appeared to be at an impasse, until a novel anti->mC antibody came onto
the market. The Active Motif Abflex (91187) antibody was found to have a limit of detection in
the region of 17-34 ng of 1009% methylated in vitro transcribed RNA and displayed signal hinearity
(Figure 3.11). Once used with mESC RNA samples a discernible a->mC signal could be
observed using the Abflex antibody. The binding affinity and/or kinetics for this antibody are
seemingly stronger than the other antibodies used. This exciting breakthrough facilitated the
generation of the dot blot displayed in Figure 3.12. This shows RNA 5mC signal from RNA
originating from differing mESC cell sates, which 1s linear and ablated upon RNase A treatment.

As such, this methodology was now fit for purpose.



A e

Dam- J1 Serum |J12i TKO TKO 21
/Dcmin Serum
vitro
template:
Amount 20 8000 8000 8000 8000
[ng]
B Millipore
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Fig 3.10 5mC and 5hmC are undetectable in mESCs.

The amount of RNA used in dot blots (B) and (D) are provided in tables (A) and (C). The data represents 1

biological replicate.
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A Amount | Amount | Amount | Amount
[ng] [ng] [ng] [ng]
Dam/Dcm | 554.45 [ 277.23 | 138.61 69.306
in vitro 34.653 17.327 |8.6633 | 4.3316
template 2.1658 1.0829 | 0.54146 | 0.27073

B Chemiluminescence
Chemiluminescence overexposure

Methylene blue

Fig 3.11 Active Motif Abflex a-5mC antibody trial and determination of LOD.

The amount of RNA used in the 12-point standard curve for the dot blot in (B) is provided in table (A). Areas
of purple represent saturated pixels on the ImageQuant. The data represents 1 biological replicate.
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A Cellline | Treatment Amount | Amount | Amount | Amount
and media [ng] [ng] [ng] [ng]
J1 Serum | Untreated 337 .4 84.35 21.09 5.272
DNase 337.4 84.35 21.09 5.272
DNase+ RNase | - - - -
J12i Untreated 337.4 84.35 21.09 5.272
DNase 337.4 84.35 21.09 5.272
DNase+ Rnase | - - - -
TKO Untreated 337.4 84.35 21.09 5.272
Serum DNase 337.4 84.35 21.09 5272
DNase + - - - -
RNase
TKO 2i Untreated 337.4 84.35 21.09 5.279
DNase 337.4 84.35 21.09 5.272
DNase+ RNase | - - - -
B Chemiluminescence Methylene blue

RNA 5mC signal quantification
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Fig 3.12 Functionally optimised a-5mC RNA dot blot gives a greater signal in ESCs grown in

91 than serum media.

The amount of RNA used in the 4-point standard curve for each of the samples used in the dot blots in (B) is
provided in table (A). (B) A representative dot blot is shown for 3 biological replicates. (C) Integrating the signal
mtensity over the dots enabled quantification of the 5mC signal.
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3.3.2 LC-MS/MS optimisation quantitative measure of modified RNA nucleotide
abundance

3.3.2.1 LC vahidation

In parallel to dot blotting, a LC-MS/MS approach was developed and optimised to quantify
modified nucleoside amounts. Chemically synthesised cytidine, guanosine, adenosine, uridine,
S-methyleytidine, 5-hydroxymethyleytidine, S-formyleytidine and 5-carboxycytidine standards
were resuspended in LC-MS/MS H.O. These standards represent the modified cytidine
molecules of experimental interest in addition to the most abundant RNA nucleosides
(unmodified cytidine, guanosine, adenosine and uridine). They were initially tested at 500 fmol
using a method adapted from Amouroux et al., 2016 (Table 2.4). This amount of material was
chosen to represent a greater analyte abundance than would be expected to be observed mn vivo
for the modified RN As, without overloading the column. This reverse phase method was mitially
designed for DNA nucleoside separation. DNA and RNA nucleosides with equivalent organic
base structures differ chemically only in the 2’ hydroxyl group present in RNA. As such, RNA
nucleosides were expected to be separated using this programme and elute earlier than their
DNA counterparts. The chromatography programme 1s provided in Table 2.4. Separation was
performed using an Agilent RRHD Eclipse Plus C18 2.1 x 100 mm 1.8u column on the UHPLC
1290 system. This was followed by analysis using an Agilent 6490 triple quadrupole mass
spectrometer. The m/z values for the precursor and product 1ons were predicted using the
known compound Mr values and hypothesising that fragmentation primarily occurred at the N-
glycosidic bonds linking the ribose to the base (Table 3.1). The system was run in positive mode,
with cations formed through the addition of 0.1 % v/v formic acid to the running buffers. Even
analytical grade H-O contains 1onic impurities, mostly leached from glassware. As a result of this

the sodiated, potassiated, and protonated forms of all ions were considered (Table 3.1).
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Nudleoside Cationic | Precursor | Product | Absolute Percentage | Retention
form [m/z] [m/z] abundance | abundance time
[a.u] [9%6] [minutes]
Cytidine (C) CNa’ 266.1 134.1 6579749 0.994191 1.092
CK 282.1 150.1 15157 0.00229
CH 244.1 112.1 23288 0.003519
Guanine (G) GNa’ 306.2 174.2 6753894 0.96544 5.647
GK 322.2 190.2 207759 0.029698
GH 284.2 152.2 34014 0.004862
Adenosine (A) ANa 290.2 158.2 50998 0.014579 4.697
AK 306.2 174.2 959 0.000274
AH 268.2 136.2 3446016 0.985147
Undine (U) UNa" 267.2 135.2 29164 100 2.411
UK 283.2 151.2 N/A 0
UH 245.2 113.2 N/A 0
S-methyleytidine (bmC) | 5mCNa’ 280.1 148.1 11221334 0.988316 2.081
5mCK’ 296.1 164.1 7782 0.000685
SmCH’ 258.1 126.1 124878 0.010999
5-hydroxymethylcytidine | ShmCNa’ 296.1 164.1 5729420 0.990708 1.126
(5hmC)
S5hmCK’ 312.1 180.1 10743 0.001858
ShmCH’ 274.1 142.1 492993 0.007434
5-formyleytidine (5{C) S5fCNa’ 294.1 162.1 5783631 0.995135 5917
SICK 310.1 178.1 12694 0.002184
SICH’ 272.1 140.1 15580 0.002681
H-carboxycytidine 5CaCNa’ 309.2 177.2 81808 0.908271 1.871
(bCaO)
5CaCK’ 325.2 193.2 8262 0.091729
5CaCH’ 287.2 155.2 N/A 0

Table 3.1 Nucleoside cation abundance, transitions, and retention times.

N/A represents 1ons that could not be detected above background. Abundances were calculated by integrating the
chromatogram peak and are given in arbitrary units. The most abundant cation for each nucleoside is emboldened.
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As Figure 3.13 and Table 3.1 show, all the tested standards were detected in at least 1 cationic
form. In each instance there is a single dominant cationic form, being sodiated for all tested
modifications with the exception of adenosine, which predominantly adopts the protonated
form. Through a combination of differences in retention time and m/z, each nucleoside can be
clearly separated from each other. This is vital to enable valid quantification of modified RNA
abundances from the kind of heterogeneous mix a biological sample would represent. It was
deemed at this stage that the chromatography method was thus sufficient to continue to
optimisation of the mass spectrometry component of the assay. Should the chromatography
process not have been sufficient upon the latter use of biological RNA extracts, iterative

optimisation was planned.

Given that an equal number of moles of each nucleoside were injected during chromatographic
optimisation, the abundance values vary substantially. This is a reflection of the established
method being adapted for this application being optimised for the detection primarily of DNA
SHmdC and 5hmdC. The carboxylic acid group of 5CaC has a pKa value resulting in this
functional group being negatively charged in some molecules, even in the presence of 0.1 %
formic acid (Table 2.4). As a result, even after accepting a proton (or in most cases a sodium) at
the basic amine group, the most common species 1s a neutral zwitterion. As neutral molecules
are not detected by mass spectrometry, this explains the low abundance values. It was decided
that this stage that 5caC could not be measured in the same positive-mode assay as the other
modified cytidine derivatives and so was not considered during further optimisation. Attention
was next turned to optimising the mass spectrometry parameters to achieve a highly sensitive and

specific method.
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Figure 3.13 Electrospray ionisation total internal chromatograms of nucleoside standards
run together and in isolation.

Each chromatogram displays the most abundant cation for the respective nucleoside. The data presented is
representative of n=3 technical replicates from the resuspended nucleotides.
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3.3.2.2 MS/MS method development

After showing that nucleoside standards could be separated and detected, attention turned to
optimising the triple quadrupole mass spectrometry to give the maximum sensitivity. 5mC,
ShmC, 5fC and C were all considered independently. The critical adjustable parameters, and
their starting values used thus far, are displayed in Table 3.2. Sheath gas temperature and flow
relate to the mert nitrogen gas used to lmit the spread of the eluate spray from the nebulizer
during desolvation. A nebulizer pressure and nozzle voltage are applied at this point, before
gaseous cations are extracted using a capillary voltage. Background contaminants are removed
further using an 1Funnel (Agilent). This piece of equipment mvolves two stages of electrical
funnelling optics, firstly under a high pressure followed by low pressure, over which a voltage 1s
applied. After precursor m/z selection in quadrupole 1, fragmentation of the ion occurs in
quadrupole 2. This occurs due to the physical collision of the cation with gaseous particles. The

gas temperate and flow rate mto the quadrupole 2 can both be adjusted to give optimal

fragmentation.
Parameter Initial value
Sheath gas temperature [°C] 350
Sheath gas flow [I/min] 12
Nozzle [V] 0
Nebulizer pressure [psi] 55
Capillary [V] 3000
1Funnel high pressure [V] 110
1iFunnel low pressure [V] 60
Gas temperature [*C] 130
Gas flow [l/min] 20

Table 3.2 The MS/MS parameters optimised with their initial values.
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In order to decrease the time to optimise these parameters, the 20-minute chromatography run
was shortened to a 4-minute rapid screening method given i Table 2.4. This cut the run time
S-fold, which was both advantageous in terms of preventing sample degradation as well as
obtaming the necessary data in a timely fashion. Cytidine, 5-methyleytidine, 5-
hydroxymethylcytidine and H-formyleytidine standards were injected at 500 fmol for cytidine and
25 fmol for the modified nucleosides. 5mC and 5hmC were given primacy in terms of
maximising the response and signal to noise, but it was also necessary to avoid selecting
parameters which disproportionately reduce the sensitivity for the other cytidine nucleosides. In
turn, each parameter was set to the lowest operating value and iteratively increased up until the
mstruments maximum. This was performed while holding all other parameters constant at their
mitial value. The voltages applied across the high pressure and low pressure funnels in the
1Funnel function synergistically, and so were considered together (Figures 3.15-3.18). The data
generated 1s provided in Figures 3.14-3.19. The data for cytidine 1s displayed separately from
the modified nucleotides as its response values were much higher as a result of its greater
abundance. Once this data was generated the optimal parameters for 5SmC and 5hmC were
determined (Table 3.3) and tested against the original method. Interestingly, the newly devised
methods performed worse than the original method. By the nature of the software used it was
not possible to change the parameters to the newly optimised parameters before moving onto
the next parameter to be changed. When each alteration was added together, some aspect of
their combination reduced the instrument sensitivity. This was hypothesised to be a result of
sample degradation. In principal the spectrometry was optimised to give the greatest response
for the amount of analyte present. However, through the degradation of the analyte the resulting
reduced analyte abundances gave lower overall responses. Relative to the starting protocol
optimised for DNA nucleosides, many of the parameters increased in severity, with higher

temperatures, voltages and flow rates. These parameters were individually scaled down to give a
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less damaging method that proved optimal for detection of both 5mC and 5hmC (Table 3.3).
This method resulted in the limit of detection (LOD) and limit of quantification (LOQ) values,
as defined by a signal to noise ratio of 3 or 10 respectively, outlined i Table 3.4. Demonstrable
improvements upon the starting method for > mC and 5hmC were achieved, which represents
the most sensitive RNA modification detection technique developed to date. It 1s worth noting
that the condition of the mstrument when this experiment was performed was n the lower end
of its normal operating range, and that in later experiments using biological material LOQ values
were typically extended 5-fold lower than the values given in Table 3.4. When mESC RNA was
used 1 accordance with this technique, quantification of each nucleoside was achievable (Figure
3.20). This showed the technique to be applicable to biological samples and not unduly affected
by matrix effects resulting from the summation of contaminants remaining from the upstream

sample preparation of cellular extracts.
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Fig 3.14 Optimisation of mass spectrometry electrospray ionisation and cation extraction.

The response values for assorted electrospray ionisation and cation extraction parameters are shown for
cytidine and its modifications. The data presented is representative of n=2 technical replicates from the
resuspended nucleotides.
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The response values for the 1Funnel parameters are shown. The data presented is representative of n=2 technical replicates from the resuspended nucleotides.
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The response values for the iFunnel parameters are shown. The data presented is representative of n=2 technical replicates from the resuspended nucleotides.

130



A

Gas Temperature: Cytidine Gas Temperature: Modified Nucleosides

1.5%10™ 800000
M8 CNa'
3 'S 600000 M 5mCNa*
R = 8 5hmC Na"
- -]
g g 400000 ——
2 5x106- g
« 2 200000
0= [}
LI '»@ ‘fp L
B Gas temperature [°C] Gas temperature [°C]
Gas Flow: Cytidine
y Gas Flow: Modified Nucleosides
1%107+ )
M cNa' 600000 T —
— 8%106-
3 e = #8 5hmC Na*
@, g -
& 6%106 % 400000 I
4 w
S 4xtos 5
%106
% & 2000004
© 2x106+ x
0- 0
B N I ) NI T U
Gas flow [l/minute] Gas flow [I/minute]

Fig 3.19 Optimisation of mass spectrometry collision gas.

The response values for collision gas parameters are shown for cytidine and its modifications. The data
presented is representative of n=2 technical replicates from the resuspended nucleotides.
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Parameter Before Optimised Optimised Optimal
5mC Na’ 5hmC Na’
Sheath gas 350 400 400 350
temperature [°C]
Sheath gas flow | 12 12 12 10
[/min]
Nozze [V] 0 0 0 0
Nebulizer N5 20 20 20
pressure [psi]
Capillary [V] 3000 2500 2500 1500
iFunnel high 110 160 160 160
pressure [V]
1Funnel low 60 140 160 80
pressure [V]
Gas temperature | 130 230 230 230
[C]
Gas flow [I/min] | 20 13 13 11

Table 3.3 Optimised mass spectrometry parameters for 5hmC and 5mC detection.

Original Optimised
Nucleoside LOD [amol] LOQ [amol] LOD [amol] LOQ [amol]
5mC Na’ 25 5 25
5hmC Na’ 25 5 25
5fC Na’ 50 50 50
CNa 500 500 500

Table 3.4 Limit of detection and limit of quantification for RNA nucleosides before and after
mass spectrometry optimisation.
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Fig 3.20 Chromatograms of J1 serum mESC RNA modifications.

Chromatograms of sodiated cytidine (A), 5-methylcytidine (B), 5-hydroxymethyleytidine (C) and 5-formyleytidine
(D) from 25ng of digested RNA from J1 serum mESCs are shown within their relevant elution time segments.

The data presented 1s representative of n=3 biological replicates.
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3.4 Discussion

In this chapter I have outlined the work done to improve upon two existing methodologies,
each of which displayed their own caveats and lmitations beforehand. Most notably, through
the use of DNase and RNase A digestions it was shown that RNA dot blotting methodologies
accepted within the field are highly susceptible to artefact signals from contaminating DNA.
This casts doubt over the validity of published RNA dot blotting data, particularly RNA a-5mC
dot blotting experiments using the common 33D3 clone antibody. When sufficient controls
are 1n place this methodology can be used to generate semi-quantitative data on the abundance

of particular RNA modifications.

LC-MS/MS did not display the specificity issues encountered with dot blotting, and from a
technical standpoint represented the most promising line of work to develop a highly sensitive

method. This was accomplished to a hitherto unachieved level, pushing the technical

: o . . 17 . .
boundaries of the most sensitive instrumentation available to 5 x10  mol. This provided the

1deal basis from which accurate RNA modification quantification could be performed from low

cell numbers, such as primordial germ cells.
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Chapter 4: RNA modifications

1n stem cells
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4.1 Introduction

In order to evaluate the role(s) of RNA methylation in epigenetic reprogramming, and the
transitions that occur within pluripotency leading into differentiation, an n vitro stem cell model
was used extensively. The infinite proliferative capacity, which defines stem cells, makes them
highly amenable to 2 vitro cell culture. This has been a highly fruitful tool in advancing the stem
cell field. Embryonic stem cells (ESCs) are derived from the mner cell mass or pre-implantation
epiblast of mouse embryos between E3.5-E5.5, whereas epiblast-derived stem cells are generated
from the post-implantation epiblast between E5.5-8.0 (Smith, 2017, Osorno et al., 2012, Russ et
al., 2000). Media composition and culturing techniques are key to the successful derivation and
propagation of any stem cell line. Stem cells can exist in naive, formative, or primed states, which
exist along a developmental axis (Smith, 2017, Kalkan et al., 2017). Naive cells display low DNA
methylation (~2 %), naive markers (such as KIf2/4, Thx3, Ttcp2l1), and resist inductive signalling
(Leitch et al., 2013, Boroviak et al., 2015, Hayashi et al., 2011, Magnuisdéttir et al., 2013, Kalkan
et al., 2017). These cells transition through a formative pluripotent stage, in which early post-
mmplantation markers reflective of the E5.5 epiblast (such as Otx2, Sox3, Oct6) are expressed
(Boroviak et al., 2015, Kalkan et al., 2017). In this state the cells are responsive to inductive
signalling through FGF and nodal signalling, before becoming primed to differentiate ((Hayashi
et al., 2011, Magnusdottr et al., 2013, Robertson, 2014, Smith, 2017, Acampora et al., 2016).
Primed cells have not yet undergone differentiation, however they are lineage committed and
display somatic cell levels of DNA methylation (~4%). ESCs derived i 21, a media containing
2 inhibitors for MEK (MAP (Mitogen-Activated Protein) Kinase/ERK (Extracellular Signal-
Regulated Kinase) Kinase 1) and GSK3 (glycogen synthase kinase 3 beta) respectively, are naive,
whereas EpiSCs derived in epiblast media are considered primed (Ying et al., 2008; Ficz et al.,

2013; Habibi et al., 2013, Masaki et al., 2016). ESC derivation in serum-containing media results
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i a heterogeneous cell population consisting of a mix of naive, formative, and primed cells
(Smith et al., 2017, Hayashi et al., 2008). Despite this, serum-cultured cell populations display
somatic DNA methylation levels (Leitch et al., 2013). Recently it has been shown that formative
cells can be successfully 1solated from embryos and maintained in i vitro culture (Kalkan et al.,
2017). Through utilising these stem cell lines, these developmental snapshots can be
experimented upon in great detail. This enables the investigation of cell fates spanning the range

of pluripotency, leading into primed cells ready to differentiate, as well as a two-fold range of

DNA 5mdC abundances.

Additional details of the components and formulations for these media can be found in Chapter
2: Materials and methods section 2.2: Cell culture. All wild type cell lines within the different
media conditions outlined above displayed equivalent proliferation rates as observed through
careful tissue culture passaging. However, no quantitative proliferation assay was performed on
them. Where proliferation rates of the mutant cell lines used deviated from this, 1s clearly

indicated within this body of work.

In addition to establishing and maintaining fixed cell state populations, stem cells can be induced
to move along the aforementioned developmental continuum simply by culturing them in the
media of the desired cell state (Leitch et al., 2013). Typically, a mimimum of 5 passages in the
new media is considered sufficient to adopt the new cell state, although further passaging in 21 1s
necessary to erase DNA methylation at imprint control regions (ICRs) (Leitch et al., 2013, Chot
et al.,, 2017, Yagi et al., 2017). However, morphological changes are identifiable over a much
more rapid timescale. By changing culturing conditions, DNA methylation levels can thus be
altered from somatic levels of ~49% of all cytidines to ~29%. This has been shown to be driven
by the mhibition of the de novo DNA methyltransferases Dnmt3a and Dnmt5b by Prdml4, as
has been found 2 vivo (Leitch et al., 2013, Yamayji et al., 2008). More drastic perturbation can

be achieved upon Dnmtl, Dnmt3a, and Dnmt3b triple knockout (TKO), which results in no
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detectable DNA methylation regardless of culturing conditions (Tsumura et al., 2006, Ficz et al.,
2011, Williams et al., 2011). Through combining these systems, DNA methylation can be
modulated from somatic cell maximum levels down to complete ablation. As such, RNA
modifications and RNA methyltransferases (RNMT's) can be assayed within an in vitro DNA

HmdC demethylation system, along with states across a naive-primed pluripotency axis.

The metabolisms of DNA 5mdC and RNA 5mC both mnvolve the action of the ten eleven
translocation (TET) enzymes, which successively oxidise the methyl group to hydroxymethyl-,
formyl-, and carboxy(deoxy)cytosine (Tahiliani et al., 2009; Ito et al., 2011; He et al., 2011, Fu
et al., 2014). TET1", TET2", and TET3" triple knockout (TTKO) ESCs were used to provide
a cell line devoid to any TET enzyme activity with which to assess how this may affect RNA 5mC

and 5hmC levels.

For further background, please see Introduction and Literature Review section 1.2

4.2 Experimental Aims

Within this chapter stem cells were used to model DNA demethylation and epigenetic
reprogramming, as well as developmental progression from naive to primed fates. In order to
achieve the full repertoire of cell states desired, Dmmntl, Dnmt3a, and Dnmt3b triple knockout
(TKO) epiblast-derived-like cells (TKO Epil.SCs) were generated and validated. It was unclear
before beginning this work if it would be possible to generate an epiblast-like state without the
canonical DNA methyltransferases. RNMTs were analysed in regards to their expression and
subcellular localisation in an attempt to understand their regulation and functionality during these
cell state transitions. Additionally, RNA modification levels were quantified in both total RNA

and within RNA subpopulations.
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4.3 Results

4.3.1 Descriptions and derivations of cell lines

A number of different pluripotent stem cell states are analysed within this body of work. While
the rationale around the need for these stem cell fates is given in the above introduction, it is

worth noting the origins and backgrounds of the specific cell lines used.

4.3.1.1 Wild types

The original source of each cell line 1s given in Materials and Methods Table 2.2. Wild type
(W) ESCs of the 129 background were used in the form of J1 cells. Additionally, E14 cells, of
the same genetic background were used. Within the 129 background these cells were origmally
derived from embryos of differing sub-strain, with J1 cells being 129/Sv] while E14 ESCs are
129/0la. The sub-strain differences are negligible and pale in comparison to the variation within
natural mouse populations in the wild. These two cell lines were used as wild type controls in
different experimental branches. Both have been extensively worked with in the stem cell field,
however E14 cells are not truly wild type. It 1s often overlooked that they are Hypoxanthine
phosphoribosyl-transferase (HPRT) knockouts, generated through retrotransposon insertion
mto the third exon (Tsuda et al., 1997). HPRT is a gene mvolved in the nucleotide salvage
pathway, which historically was knocked out to better facilitate marker selection of any additional
genetic manipulations of these stem cells (T'suda et al., 1997). This increased the success rate in
generating knockout mouse lines, which has played a major role in the ubiquity of the E14 ESC
cell ine. Intellectually, both J1 and E14 cells sufficiently represented wild type cell states for my

experiments and were cultured in both serum and 21 media.

EpiSC were also derived from the 129 background and were graciously received from Prof.

Austin Smith’s lab via Dr. Carla Mulas and Dr. Harry Leitch.
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4.3.1.2 DNMT and TET triple knockouts ESCs

DNMT1", DNMT3A", and DNMT3B" combinatorial knockouts were generated from J1 cells
(Tsumura et al., 2006). Initially DNMT3A”, and DNMT3B" double knockout cells were
generated by deleting motifs IV and VI from the catalytic domain of each gene (Okano et al.,
1999). To this cell line exons 31-33 of DNMT1 were removed to give the final DNMT triple
knockout (TKO) cell line (Tsumura et al., 2006). J1 cells also served as the starting point for the
formation of TET1", TET2", and TET3" triple knockout (TTKO) cells by CRISPR (Hill et al.,
2018). These cells were generated and kindly provided Dr. Cristina Requena Torres. Both cell

lines were cultured independently in serum and 21 media.

4.3.1.3 EpiLLSC TKO generation and validation

DNA methylation 1s necessary for differentiation to occur. Attempts to force DNMT TKO
ESCs to differentiate through altering media compensation result in apoptosis (Schmidt et al.,
2012). TKO cells can be stably propagated as pluripotent stem cells; however, it was unclear if
they were capable of adopting a primed cell fate. In order to mvestigate this and potentially
enable the comparison of EpiSCs lacking DNA 5mdC with wild type EpiSCs, TKO cells were
cultured in EpiSC media. Figure 4.1 shows the morphology of EpiSCs, as well as ESCs cultured
m serum and 21. The TKO cells appear as their wild type equivalents grown in the same media.
The TKO cells in EpiSC media were termed DNMT triple knockout epiblast-derived-like stem
cells (TKO Epil.SCs), as these cells were not originally derived from epiblast tissue. As such, it

would have been a misnomer to merely name them TKO EpiSCs.
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Fig 4.1 Brightfield images of TKO and wild type stem cells in 2i, serum, or EpiSC conditions.

Brightfield images of the cell lines used in the i vitro reprogramming model are displayed. El4s are displayed
as wild type ESCs. Wild type EpiSCs are shown, while the TKO cells in an Epiblast-derived stem cell state are
epi-like stem cells (TKO Epil.SCs). This is a result of their generation from TKO embryonic stem cells cultured
m EpiSC media. All cell lines displayed are self-renewing. Images are reproduced at a magnification of 44x with
the scale bar displaying 100 pm. Cell lines were observed daily while in culture. The inages displayed are
representative of these cell lines.

141



In order to more fully charactense this novel cell line, RT-qPCR was performed for differing
lineage markers upon RNA extracted from TKO Epil.SC, genuine EpiSC, and TKO serum
cells. TKO serum cells acted as a negative control, as it was from these cells that the TKO
EpiL.SCs oniginated (Fig. 4.2 and Fig. 4.3). The pre-implantation epiblast markers reduced
expression 1 (Rex/) and NrOobl are highly downregulated in EpiSCs and TKO Epil.SCs, while
the EpiSC and primitive ectoderm marker fibroblast growth factor 5 (Fgf5) 1s substantially
upregulated (Fig. 4.2A & B) (Kim et al., 2013). This1s consistent with TKO Epil.SC transitioning
away from an ES cell state and successfully adopting an EpiSC fate. However, as Rex1 was not
downregulated to the same extent as in EpiSCs, the entire cell population may not have fully
transitioned. To determine if any further lineages had become specified, additional lineage
markers were assayed. No upregulation of trophectoderm or primitive endoderm lineages was
observed for TKO Epil.SCs. This was despite EpiSCs displaying an unexpected increase in Sry-
related HMG box gene-17 (Sox17) expression relative to serum-cultured ESCs (Fig. 4.3A & B)
(Chrysanthou et al., 2018, Artus et al.,, 2011). Epithelial and mesoderm markers displayed
divergence between the markers used. This manifested in the upregulation of Cadherin-2 (ChdZ2)
but not vimentin ( Vzrn) and in Mus musculus Brachyury (1) but not even-skipped homeobox 1
(£vx1) or mesoderm posterior 1(Mespl) (Fig. 4.3C & E) (Chrysanthou et al., 2018, Wen et al.,
2017). It was thus unclear if TKO EpiL.SCs were progressing down these lineages, although it
was reassuring to see the same expression levels in EpiSCs. Accordingly, this was interpreted as
being a reflection of the EpiSC state. Figure 4.3C shows that all three epithehal-mesenchymal
transition (EM'T) markers used are more highly expressed in TKO EpilLSCs than EpiSCs
(Chrysanthou et al., 2018). The magnitudes of the expression differences are minor, and for
Snail Family Transcriptional Repressor 1 and 2 (Snail and Snail) are mostly due to EpiSC
exhibiting lower levels than ES cells grown in serum. As such, it 1s only zinc finger E-box binding

homeobox 2 (Zeb2) for which a true upregulation of expression i1s found i TKO cells upon
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culturing in EpiSC conditions. EM'T 1s a process by which epithelial cells reduce adhesion to
one another to enable migration and invasion of other cell layers. In vivo, an EMT from post-
implantation epiblast cells would correlate to gastrulation. Taken together, it appeared that the
TKO EpiL.SCs mostly existed within the EpiSC state, although some pre-implantation epiblast
character was retained while some progression into an epithelial-mesenchymal transition also
occurred. It may have been intriguing to address whether the modest pre-implantation epiblast
and EMT signals were a result of distinct minor cell populations within a main population of
more clearly definable EpiSC-like cells. However, from the results given it was considered that
these cells display sufficient similarity to EpiSCs to continue with for RNMT and RNA

modification analysis.
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Fig 4.2 TKO Epil.SCs transition from a ESC fate to adopt a EpiSCs fate as determined by
RT-qPCR.

RT-qPCR was performed on RNA extracted from TKO Epil.SCs EpiSC and TKO serum cells. The log fold
change relative to TKO serum cells is provided for the TKO EpiL.SCs under investigation, as well as the positive
control EpiSCs, for markers of (A) the pre-implantation epiblast and (B) primitive ectoderm. Error bars give
standard deviation (n=3).
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TKO EpiSC charcterisation: Trophectoderm markers TKO EpiSC charcterisation: Primative endoderm markers
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Fig 4.3 TKO Epil.SCs initiate some programs indicating transition beyond the EpiSC fate.

(A-E) RT-qPCR was performed on RNA extracted from TKO EpilLSCs EpiSC and TKO serum cells. The log
fold change relative to TKO serum cells is provided for the TKO EpilL.SCs under mvestigation, as well as the
positive control EpiSCs, for markers of assorted lineages. (A) Trophectoderm, (B) primitive endoderm, (C)

EMT, (D) epithelial, and (E) mesoderm markers were assessed. Error bars give standard deviation (n=3).
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4.3.2 RNMT gene expression

4.3.2.1 mRNA quantification reveals increased expression of multiple RNMT's in DNA

hypomethylated cells

RT-qPCR was performed on RNA from each cell state depicted in Figure 4.1 and analysed
alongside previously published microarray expression data (Leitch et al., 2013). The expressions
of the 8 RNM'T's encoded in the mammalian genome were assayed using the microarray data.
Having performed expression analysis in 17 vivo PGC reprogramming (/n Vivo Work Figure
5.1) NOP2/Sun domain protein 7 (NSUN7) was detected at such a low level i vivo, as well as
mn vitro by microarray, that it was not considered for RT-qPCR. GAPDH was used as a

housekeeping gene for RT-qPCR.

The effects of culturing media were considered first. Culturing cells in 21 media compared to
serum, and the concurrent transition to a fully naive cell state with a hypomethylated genome,
results in minimal changes in RNMT expression at the mRNA level. Figure 4.4A and B differ
only in the methodology used to measure mRNA expression, but in spite of this give differing
expression change profiles. Both techniques give no change in expression of Nop2and a modest
downregulation in NsunZ2. Trdmtl, Nsun3, and Nsun6 are all upregulated by RT-qPCR, but only
Nsund shows any upregulation by microarray. Nsun4 and Nsunj show some upregulation and
downregulation respectively by microarray, but these results are not consistent with the RT-qPCR
results. The magnitude of any given expression change 1s low (typically around log:0.5), but the
combinatorial effect of these RNA methyltransferase gene expression changes could give a more
pronounced alteration on RNA 5mC levels. Culturing TKO ESCs in 21 media results in no
changes in RNM'T expression at the RNA level, indicating that the minor changes observed in

wild type cells are ablated by the knockout of the canonical DNMTs (Figure 4.4C).
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The transition to a primed cell state in EpiSCs 1s accompanied by the reduction of NsunZ and
Nsun4 expression, which 1s observed in both wild type and TKO cells (Figure 4.4D and E).
Conversely, 7rdmtl and Nsuns are upregulated, although only in wild type cells. As with the
transition to 21, deviations are observed in the expression profiles depending upon whether wild
type or TKO cells are assessed. TKO EpilL.SCs display a more repressed profile for all RNMT's

except Nsun6'when culturing conditions are 1solated compared to wild type cells.

Analysing the effect DNMT triple knockout has on gene expression independent of culturing
conditions allows for the disentangling of phenomena brought about by DNA methylation from
those which arise from cells shifting between naive, formative, and primed states. In cells grown
i 21 media Nop2and NsunJ stand out as being upregulated, upon DNMT TKO, while in serum
media 7rdmtl, NopZ2, Nsunf, Nsun3, and Nsun) are all upregulated (Figure 4.5A and B).
Curiously, no such changes are displayed in TKO Epil.SCs when compared to EpiSCs (Figure
4.5C). That the RNMT expression changes brought about by removing DNA 5mdC are not
recapitulated in primed cells highlights naive and formative pluripotency as being pivotal to

understanding RNM'T functionality.

By analysing the RNMT mRNA expression within this 2 vitro reprogramming and priming
model some exciting results emerged. However, as it 1s at the protein level that these gene

products are active the protein expression was assayed by western blotting.
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Fig 4.4 RNMT mRNA expression level in different pluripotent stem cell fates as measured by
microarray and RT-qPCR reveals subtitle variations in expression.

(A) Previously published microarray data was used to quantify the expression change of mammalian RNMTS in

mESCs cultured in 21 media conditions compared to serum (Leitch et al., 2013). Error bars give standard
deviation (n=5). (B-E) RT-qPCR was performed on RNA extracted from ESCs grown in 2i or serum or EpiSC,
along with their TKO equivalents. 14s were used as wild type ESCs. GAPDH was used as a housekeeping
gene for RT-qPCR. The log fold changes for 2i (B-C) and EpiSC (D-E) are given. Error bars give standard

deviation (n=3).
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Fig 4.5 RNMT mRNA expression level upon ablation of DNA methylation as measured by
RT-qPCR reveals increased expression of multiple RNMTs.

RT-qPCR was performed on RNA extracted from ESCs grown in 21 or serum or EpiSC, along with their TKO
equivalents. El4s were used as wild type ESCs. GAPDH was used as a housekeeping gene for RT-qPCR. The
log fold changes for DNMT triple-knockout in cells cultured in 21 (A), serum (B), or EpiSC (C) media are given.
Error bars give standard deviation (n=3).

4.3.2.2 Protein abundance reveals increased NOP2, NSUNZ2 and TRDMTT1 expression in DNA
hypomethylated, non-naive cells

From the mRNA expression data depicted in Figures 4.4 and 4.5, as well as expression data from
primordial germ cells (In Vivo Work Figure 5.1), NOP2, NSUN2, NSUNJS and TRDMT1 were
selected as promising candidates for further investigation. In order to determine the expression
level of these proteins, western blotting was performed on wild type and TKO cells cultured in
serum and 21 conditions, with representative blots provided in Figure 4.6. This represents the 2

vitro reprogramming system displaying DNA 5mdC levels at somatic cell levels of 49 (W'T
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serum), hypomethylated (WT 2i) 2% and entirely demethylated (TKO cells). Total histone H3
was selected as a loading control and detected using a pan-H3 antibody whose binding is
mdependent of histone modification status. NOP2, NSUNZ2, and TRDMTT are all most highly
expressed in the TKO serum cell state (Figure 4.6A, C, and D). While wild type cells and TKO
21 cells display similar levels of NOP2 and TRDM'T to one another, 21 culture reduces the
expression of NSUNZ2 in both wild type and mutant cell lines. NSUNZ2 displays a double-banding
pattern which 1s only observed in TKO cells. NSUNZ2 1s predicted to be highly modified,
including phosphorylation, acetylation, malonylation and glycylation.  Some of these
modifications have been verified experimentally (Sakita-Suto et al., 2007). This double-banding
can thus be explained by two distinct populations of differently modified enzymes, which 1s highly
idicative of regulation. Either 21 culture or DNMT TKO cause a reduction in NSUNJ)
expression, with the combination of the two reducing protein expression down to barely

detectable levels in the TKO 21 cell state.

It thus appears that in the absence of canonical DNA methyltransferase activity and DNA 5mdC,
NOP2, NSUNZ2, and TRDMTT are all upregulated in a heterogeneous cell population, but not
mn a solely naive one. NSUND 1s reduced 1n its expression in the absence of 5mdC in a manner
that 1s magnified, not ablated by the naivety of ESCs cultured in 21. This shows two disparate
mechanisms by which RNMTs respond to the loss of DNA methylation, which, in the case of
NSUNZ, are linked to posttranslational modification(s). It is worth noting that in primordial
germ cells 5mdC levels fall to around 0.3% at the nadir of reprogramming, and so the 2%
methylation in wild type cells grown in 21 media may not be sufficient to trigger this response
(Hill et al., 2018). That both upregulation and downregulation are displayed by the RNMT's
assayed by western blot highlights the capacity of the differing RNMTs to function independently
and validated a forward screening approach. Naive ESCs in 21 media show reduced levels of

NSUNZ2 and NSUNJ, showing a DNA methylation-independent pathway to regulate these genes.
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The upregulation of NOP2, NSUNZ2, and TRDMT1 upon DNMT TKO in serum conditions
1s consistent at both the mRNA and protein level, which was encouraging. There are some
discrepancies between the expression patterns found by western blotting and those observed at
the mRNA transcript level. This 1s to be expected, as it has been shown that mRNA abundance
only explains 79 9% of corresponding protein expression variation in yeast (Lu et al., 2007,
Ramakrishnan et al., 2009). The lack of correlation between mRNA and protein abundance in
particular instances can be used to postulate regulation mechanisms involving translational
efficiency or decay rates. The clearest example of this 1s NSUNJ, which at the mRNA transcript
level 1s upregulated upon DNMT TKO, while the protein is less abundant in this cell state.
Lowered translational efficiency and/or increased protein degradation could mechanistically
explain this. Having assessed the expression dynamics for candidate RNMTs, their subcellular

localisation was assessed to further probe their functionality and potential regulation.
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Fig 4.6 RNMT protein expression level as measured by western blotting reveals dynamic
expression changes.

(A) Western blotting of (A) NOP2, (B) NSUNZ2, (C) NSUNJ and (D) TRDMT1 from wild type and TKO ESCs
cultured n 21 or serum is displayed. Total histone H3 was selected as a loading control. Representative blots

are displayed of (A) n=3, (B) n=3, (C) n=3 or (D) n=2 biological replicates. J1s were used as wild type ESCs.
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4.3.3 RNMT subcellular localisaion reveals novel NOP2 and NSUN2

distributions

RNA processing reactions most commonly occur in the nucleus, primarily within the nucleolus
(Hernandez-Verdun et al., 2010). As such, subcellular localisation can be used to infer
functionality and regulation for RNMTs. NOP2 was mitially discovered as a nuclear-associated
protein and while NSUNZ2 has been observed to undergo a cell cycle stage-dependent cycling
between the nucleolus and cytoplasm (Freeman et al., 1988, Sakita-Suto et al., 2007). NSUN4
1s restricted to the mitochondria and TRDMTT has been observed in the cytoplasm (Metodiev
et al, 2014, Lewinska et al., 2015). The other RNMTs are predicted to be nucleolar, but this

had not been experimentally verified.

Immunofluorescent staining for NOP2, NSUN2, NSUNJ) and TRDMT was performed upon
stem cell lines, with representative images provided in Figures 4.7-4.10. In each experiment
DAPI was used to stain DNA, while immunofluorescent staining of octamer-binding
transcription factor 4 (OCT4) provided a nuclear marker which 1s excluded from the nucleolus.
Initially staining was performed upon wild type and TKO ESCs grown on coverslips in serum
and 21 conditions. The stainings were performed in parallel and coverslips placed upon the same
microscope slides. Immunofluorescent staining was also performed using EpiSC and TKO
EpiLSCs, however due to spatial requirements coverslips with these cells grown upon them could
not be placed on the same slides as the other cells. As the same 1maging parameters can be used
across any given slide, this enabled the expression of RNMTs to be compared within the ESC
sample set, but not with EpiSC or EpiL.SCs. This was i addition to assaying the subcellular

localisation of the RNMTs, for which all stem cell states could be validly compared.
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Stem cells were imaged using DAPI and fluorophore-coupled antibody complexes against OCT4 and NOP2.
The individual channels used to image these fluorophores are provided, as well as a merged image.

TKO 21

TKO serum .

Fig 4.7 NOP2 subcellular localisation.

TKO EpiLSC

Representative images are displayed of 3 biological replicates with at least 5 colonies assessed as technical

replicates. J1s were used as wild type ESCs. Scale bars depicts 9 pm.
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Stem cells were imaged using DAPI and fluorophore-coupled antibody complexes against OCT4 and NSUN2.

TKO 21

TKO serum

o .
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Fig 4.8 NSUN2 subcellular localisation.

The individual channels used to image these fluorophores are provided, as well as a merged image.
Representative images are displayed of 3 biological replicates with at least 5 colonies assessed as technical

replicates. J1s were used as wild type ESCs. Scale bars depicts 9 pm.
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Stem cells were imaged using DAPI and fluorophore-coupled antibody complexes against OCT4 and NSUN2.
The individual channels used to image these fluorophores are provided, as well as a merged image.
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Fig 4.9 NSUN2 subcellular localisation - WT 2i signal boosted.

Representative images are displayed of 3 biological replicates with at least 5 colonies assessed as technical

replicates. J1s were used as wild type ESCs. Scale bars depicts 9 pm.
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DAPI OCTH4 NSUNS Merge
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Stem cells were imaged using DAPI and fluorophore-coupled antibody complexes against OCT4 and NSUNJ.

Fig 4.10 NSUNJ subcellular localisation.

TKO 21

TKO serum

TKO EpiLSC

The individual channels used to mmage these fluorophores are provided, as well as a merged image.
Representative images are displayed of 3 biological replicates with at least 5 colonies assessed as technical

replicates. J1s were used as wild type ESCs. Scale bars depicts 9 pm.
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DAPI OCTH4 NSUNS Merge
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Fig 4.11 NSUNS subcellular localisation - WT 21, WT serum, and TKO serum boosted
signal.

Stem cells were imaged using DAPI and fluorophore-coupled antibody complexes against OCT4 and NSUNJ.
The individual channels used to image these fluorophores are provided, as well as a merged image.
Representative images are displayed of 3 biological replicates with at least 5 colonies assessed as technical

replicates. J1s were used as wild type ESCs. Scale bars depicts 9 pum.
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DAPI OCT4 TRDMT1 Merge
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WT serum
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Stem cells were imaged using DAPI and fluorophore-coupled antibody complexes against OCT4 and TRDMT1.

TKO 21

TKO serum

TKO EpiLSC

Fig 4.12 TRDMT1 subcellular localisation.

The individual channels used to image these fluorophores are provided, as well as a merged image.
Representative images are displayed of 3 biological replicates with at least 5 colonies assessed as technical

replicates. J1s were used as wild type ESCs. Scale bars depicts 9 pm.
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Despite NOP2 having only ever been observed to be nucleolar, it was found to be cytoplasmic
m all ESC states imaged, but not in EpiSC or TKO EpiLLSC (Figure 4.7). Seemingly NOP2 1s
redistributed to the nucleolus from the cytoplasm during the priming of stem cells towards lineage
commitment. Curiously, the TKO 2i cell state results in NOP2 existing in nuclear foci with a
broader cytoplasmic signal. This captures an intermediate state between two distinct subcellular
locations, but cannot provide an intermediate between ESCs and EpiSCs, as these cells are fully
naive and lack DNA methylation. This can most easily be explained by two phases of NOP2
control, in which it 1s nucleolar in naive cells with very little DNA methylation, before being
excluded to the nucleus during remethylation and capacitation before returning to the nucleolus
upon priming. Western blotting data showed NOP2 to be most highly expressed in TKO serum
cells (Figure 4.6B). The greatest immmunofluorescent signal for NOP2 was observed in both wild
type 21 and TKO serum cells and 1s a reflection of the protein being localised to small, intense
foci. This highlights the advantages of quantifying protein expression by western blotting over

immunofluorescent imaging of heterogeneous 3-dimensional spaces.

NSUNZ2 resides in the nucleolus for all cell states assayed with the exception of wild type 21 cells
(Figure 4.8-4.9). As with NOP2, DNMT TKO cells grown in 21 give to an NSUNZ2 population
split between the nucleolus and the cytoplasm. The regulation of NOP2 and NSUNZ2 in early
naive cells may thus be Iinked to give synergistic effects. That localisation to the cytoplasm 1s
partially disrupted upon the ablation of DNA methylation 1s itriguing, as this is the mverse of
the transition to serum and EpiSC states which bring about a completely nucleolar signal. As
with NOP2, naive hypomethylated ESCs may be transiently exporting NSUNZ to the cytoplasm
before it returns to the nucleolus later in development along a naive-primed axis. In the case of
NSUNZ2 the return to the nucleolus occurs earlier than for NOP2, which 1s still cytoplasmic in

serum cells. NSUN2 gives a much weaker signal in cells grown in 21 compared to serum, which



1s in keeping with the western blotting data and aligns with its export to the cytoplasm being an

aspect of negative regulation (Figure 4.6B).

NSUND 1s completely cytoplasmic, with no localisation dynamics observed. TKO 2i cells gave
rise to the greatest signal intensity in ESCs, which 1s an inflection of what 1s observed by western
blotting. Again, the concentration of epitope nto foct was most likely to be the source of this
discrepancy. TRDMT1 was visualised through a separate channel, as the host the primary
antibody was raised in differed from that of the primary antibodies to RNMTs. To be consistent
with the wavelengths used, DNMT1 images were generated using a green lookup table.
TRDMTT1 was exclusively observed in the cytoplasm displaying similar signal intensities in each
of the ESC states (Figure 4.12). This gives rise to a static model of the expression and localisation
of this enzyme which is not in keeping with western blotting data, which indicated elevated protein

levels in TKO serum cells (Figure 4.6D).
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Fig 4.13 Summation of stem cell RNMT subcellular localisations.

The findings of immunofluorescent imaging of stem cells are depicted diagrammatically. The blue oval
represents the nucleus, surrounded by the cell membrane and containing a circular nucleolus mnside. The
localisation of the given RNMT in the given cell state 1s shown in red.
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4.3.4 RNA modification quantification

4.3.4.1 Total RNA reveals distinct modification abundances along a naive-primed developmental
axis

RNA modification detection and quantification techniques, namely dot blotting and LC-MS/MS
were developed and optimised as outlined in Chapter 3: Development of Methods and Tools.
From that chapter, figure 3.12 shows the application of the optimised dot blotting technique for
RNA 5mC detection with total RNA from the 2 vitro reprogramming ESC model. RNA was
either treated with DNase, DNase and RNase, or mock-treated (without nucleases). This
enabled the identification of signal due to RNA 5mC signal, in addition to any signal from
contaminating DNA. Figure 3.12A gives the nature of the sample, as well as the total amount of
RNA loaded for each pomt, while Figure 3.12B displays the chemiluminescent a-5mC signal
alongside the total nucleotide signal given by methylene blue staming. The DNase-treated
samples all display a chemiluminescent signal which 1s ablated when combined with RNase
treatment. These signals were thus RNA-dependent, and so considered to reflect bona fide RNA
S>mC signal. Equal loading was verified by methylene blue. Imaging software was used to quantify
the 5mC signal by integrating the signal intensity, with the results displayed in figure 3.12C. There
1s an increase in the RNA 5mC in both wild type and DNMT TKO cells grown in 21 compared
to serum, while DNMT TKO does not alter the abundance of this modification (Figure 3.12A
& ). This takes into account the heterogeneous background signal. These findings are
consistent with RNA 5mC being regulated in line with naivety, as opposed to DNA methylation
per se. While exciting on their own, LC-MS/MS was additionally used to independently verity

these results.
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After method development and optimisation, LC-MS/MS was performed on total RNA from
wild type and DNMT TKO ESCs cultured in serum and 21, as well as EpiSC and TKO Epil.SCs.
This enabled the quantificaion of the abundance of cytosine, 5-methylcytosine, 5-
hydroxymethylcytosine, 5-formylcytosine, adenosine and 6-methyladenosine (m6A) (Figures
4.14-16). 6-Methyladenosine has more clearly characterised roles in facilitating developmental
transitions, particularly the loss of pluripotency during differentiation, than modified cytosines
(Ivanova et al., 2017, Batista et al., 2014, Geula et al., 2015). For each modified nucleoside the
percentage contribution to all detected forms of that nucleoside was used as a quantitative metric.
This gave more biologically meaningful data than mole values standardised to mput RNA
amounts. Duplicate injections were performed to give technical replicates mn addition to 5
biological replicates for each cell state. This enabled biologically relevant cell state comparisons,
m which only genotype or culturing media relative to serum varied, to be assessed by two-way
ANOVA with Tukey T-test. The integrity and ribosomal contributions of all RNA samples used

was assessed using a Bioanalyzer with Nano RNA chips. A typical trace 1s provided in figure

4.26.
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Fig 4.14 5-Methylcytosine quantification by LC-MS/MS.

5-Methylteytosine levels in total RNA from stem cells is provided as a percentage of all quantified forms of
cytosine. J1s were used as wild type ESCs. Technical duplicates of biological quintuplets (n=5) are shown, with
the technical replicates matched by colour. Statistics were performed using two-way ANOVA with Tukey T-test
for the biologically relevant comparisons in which only culturing media or genotype varied. Where statistically
significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, **k = p < 0.0005, *kx

- p <0.0001.
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Fig 4.15 5-Hydroxymethylcytosine quantification by LC-MS/MS.

5-Hydroxymethylteytosine levels in total RN A from stem cells 1s provided as a percentage of all quantified forms
of cytosine. J1s were used as wild type ESCs. Technical duplicates of biological quintuplets (n=5) are shown,
with the technical replicates matched by colour. Statistics were performed using two-way ANOVA with Tukey
T-test for the biologically relevant comparisons in which only culturing media or genotype varied. Where
statistically significant differences occur, they are demarcated as follows: * = p < 0.05, ** = p < 0.005, *** = p <

0.0005, *#ek =1 <0.0001.
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Fig 4.16 5-Formylcytosine quantification by LC-MS/MS.

TKO 2i+

TKO serum -

TKO EpiLSC -

S-Formylteytosine levels in total RNA from stem cells is provided as a percentage of all quantified forms of

cytosine. J1s were used as wild type ESCs. Technical duplicates of biological quintuplets (n=5) are shown, with

the technical replicates matched by colour. Statistics were performed using two-way ANOVA with Tukey T-test

for the biologically relevant comparisons in which only culturing media or genotype varied. Where statistically

significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *** = p < 0.0005, *kx

- p <0.0001.
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Fig 4.17 6-Methyladenosine quantification by LC-MS/MS.

6-Methyladenosine levels in total RNA from stem cells is provided as a percentage of all quantified forms of
adenosine. J1s were used as wild type ESCs. Technical duplicates of biological quintuplets (n=5) are shown, with
the technical replicates matched by colour. Statistics were performed using two-way ANOVA with Tukey T-test
for the biologically relevant comparisons in which only culturing media or genotype varied. Where statistically
significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *** = p < 0.0005, *kx

- p <0.0001.

HmC occurs at 0.6 - 0.89% of all cytosine residues in the stem cells assayed, which 1s shightly below
what has been quantified from brain tissues (Figure 4.14) (Huber et al. 2015). The brain tissue,
although heterogeneous i its cell type composition, would have mostly comprised of somatic

cells. In a developmental progression from 21, RNA 5mC levels drop in ESCs cultured in serum

167



before rising in EpiSC/TKO EpiLSCs (Figure 4.14). These differences are statistically significant
with the exception of wild type 21 and serum grown cells. Reassuringly, higher levels of this
modification in ESCs grown in 21 compared to serum 1is consistent with the dot blotting data
displayed i Chapter 3: Development of methods and tools figure 3.12. However, this 1s only
statistically significant in TKO cells. In addition, EpiSC and EpiLL.SCs display higher levels of
HmC than ESCs grown i serum. There 1s thus a pattern in which naive and primed stem cells
are elevated in RNA 5HmC relative to a transient drop during the transitions between these states.
DNMT TKO has no effect on RNA 5mC levels by either dot blot or LC-MS/MS, revealing that
DNA 5mdC abundance does not intrinsically alter RNA 5mC. Rather, it 1s development along

a naive-primed axis which dictates RNA 5mC abundance.

5-Hydroxymethylcytosine exists at ~0.001-0.003% of all cytosine residues, while 5-
formylcytosine 1s even less abundant at ~0.0004-0.0006% of the total cytosine residue
abundance. These are incredibly low abundances, at their lowest representing a frequency of
around 1 modification 1 250,000 cytosines. This validates the focus on sensitivity, limit of
detection, and limit of quantification during method optimisation (Chapter 3: Development of
Methods and Tools) as the method was pushed to its operating limits to quantify these analytes.
At these low analyte abundances the effect of noise relative to the signal 1s amplified, which
resulted in greater variation between replicates. There were no statistically significant differences
m ShmC level, whereas 5fC was elevated in ESCs grown in 21 conditions relative to serum. This
1s significant in both wild type and TKO DNMT cells, which is mirrored for 5mC but not as
significantly. The ratios of 5ShmC/5mC and 5fC/5hmC were determined and verified that the
abundance of 5hmC and 5fC was not merely a reflection of increased precursor abundance.

That this 1s the case can be observed by eye from comparing the graphs in Figures 4.14-4.16.

6-methyladensine was quantified to levels of ~0.1-0.29%, and was notably stable in each cell state.
This was surprising given the functionality of m6A in cell state and fate transitions as well as the
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disintegration of pluripotency (Ivanova et al., 2017, Batista et al., 2014, Geula et al., 2015). This
could be a reflection of perturbations at a RNA subtype-specific or transcript-specific level, and

so small RNA and poly(A) RNA subpopulations were 1solated.

4.3.4.2 RNA subtypes reveal substantive and highly significant distinctions in modified RNA
abundance in mRNA and small RNA

A more detailed picture of the RNA modification landscape can be revealed by delving further
mto the nature of RNA classes than can be achieved with total RNA samples alone. This 1s due
to the potential for distinct RNA subpopulations to be differentially altered in their modification
status. In accordance with this, RNA subtype selection was performed to enrich for poly(A)
RNA and small RNA using oligo dT and cut-off columns respectively (see Materals and
methods). The size cut-off for small RNAs was 200 nucleotides. Small RNA and poly(A) RNA
enrichment was assessed by Bioanalyzer using Small RNA and Pico RNA chips respectively.
Total RNA was also run in the Bioanalyzer to verify the integrity of all RNA samples run on the

LC-MS/MS. Typical traces for these RNA preparations are given in Figure 4.26.

Modified RNAs were quantified in wild type and DNMT TKO ESCs grown 1n 21 and serum, as
well as EpiSC and TKO Epil.SCs (Figure 4.18-4.21). In addition to this, TET triple knockout
ESCs (T'TKOs) were also assessed to investigate role of TET dioxygenases in RNA modification

metabolism (Figure 4.22-4.25).
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Fig 4.18 5-Methylcytosine quantification in RNA subtypes by LC-MS/MS.

5-Methleytosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of cytosine. J1s were used as wild type ESCs. Technical
duplicates of biological triplicates (n=3) are shown, with the technical replicates matched by colour. Statistics were performed using three-way ANOVA with Tukey T-
test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied. Where statistically significant differences occur, they
are demarcated as follows: * = p < 0.05, ** = p <0.005, ** = p <0.0005, *<=k = p <(0.0001. 170
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Fig 4.19 5-Hydroxymethylcytosine quantification in RNA subtypes by LC-MS/MS.

5-Hydroxymethlcytosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of cytosine. J1s were used as wild type ESCs.
Technical duplicates of biological triplicates (n=3) are shown, with the technical replicates matched by colour. Statistics were performed using three-way ANOVA with
Tukey T-test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied. Where statistically significant differences
occur, they are demarcated as follows: * = p < 0.05, ** = p < 0.005, ** = p < 0.0005, *** = p <(0.0001. Where the signal fell below the limit of detection, this 1s

indicated with n.d. (not detected) with the limit of detection given. 171
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Fig 4.20 5-Formylcytosine quantification in RNA subtypes by LC-MS/MS.

5-Hydroxymethlcytosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of cytosine. J1s were used as wild type ESCs.
Technical duplicates of biological triplicates (n=3) are shown, with the technical replicates matched by colour. Statistics were performed using three-way ANOVA with
Tukey T-test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied. Where statistically significant differences
occur, they are demarcated as follows: * = p < 0.05, ** = p < 0.005, ** = p < 0.0005, **= = p <0.0001. Where the signal fell below the limit of detection, this is

indicated with n.d. (not detected) with the limit of detection given.
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Fig 4.21 6-Methyladenosine quantification in RNA subtypes by LC-MS/MS.

6-Methyladenosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of adenosine. J1s were used as wild type ESCs. Technical
duplicates of biological triplicates (n=3) are shown, with the technical replicates matched by colour. Statistics were performed using three-way ANOVA with Tukey T-
test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied. Where statistically significant differences occur, they
are demarcated as follows: * = p < 0.05, ** = p <0.005, ** = p <0.0005, *<ek = p <(0.0001. 173



It 1s strikingly clear that RNA 5mC exist at disparate levels in small RNA and mRNA 1 relation
to both the bulk average and each other (Figure 4.18). In every cell state assayed there were
highly statistically significant differences for every subtype comparison. Typically, this manifested
i small RNAs containing 5mC at ~5-10-fold higher levels than total RNA, which was itself ~5-
10-fold higher than mRNA. In this experiment, unlike figure 4.14, there were no significant
differences based upon media composition or DNMT TKO. This was most likely caused by
the lower number of biological replicates (3 as opposed to 5) and an increased number of

variables.

5-Hydroxymethylcytosine also shows substantive abundance differences within each cell state
(Figure 4.19). Its levels in mRNA were so low as to be under the limit of detection in some
samples, which highlights just how rare 5hmC 1s in these species, if it does exist in mRNA from
these cell states at all. Only in wild type ESCs was 5ShmC detectable in mRNA, and that was just
at the point of limit of quantification (~0.00015%). Much like 5mC, 5hmC has around a 5-10-
fold greater frequency i small RNA than total RNA. It can be observed that changes related to
culturing condition or DNMT TKO are more pronounced in small RNAs, which strongly
indicated that these are the target species of RNA 5hmC dynamics. The most significant
difference 1s a drop in 5hmC m small RNAs from wild type cells transition to EpiSCs, which 1s
also observed in TKO cells. As a result, increases in SmC in primed EpiSC relative to serum-
cultured ESCs could be explained by reduced metabolism to 5hmC. Similarly, serum-cultured
ESCs display higher 5hmC levels in their small RNAs than 2i-cultured cells. This results in a
comparable model for 5mC reducing through the progression from naive ESCs cultured in 2i to
a heterogeneous serum-cultured population. The only situation in which DNMT TKO has any
meaningful impact on 5hmC levels is in the small RNA of serum cultured ESCs. That this 1s the
only cell state and RNA population affected, means it was considered to be a property of small

RNA from wild type serum cells displaying the highest proportion of 5hmC. There is a greater
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variability in small RNA 5hmC abundances in TKO cells compared to wild types, and so it
appears that the loss of DNA methyltransferases and DNA 5mdC does disrupt the normal 5hmc

dynamic in the transition from naive to primed cell state.

S-Formylcytosine followed a similar trend to 5hmC, however there were no statistically
significant, biologically-relevant comparisons (Figure 4.20). This was primarily due to a
combination of two factors. Abundances of 5fC existed at even lower levels in RNA than 5hmC,
i samples for which both modifications could be quantified, giving an amplified signal to noise
ratio relative to other nucleosides. This additionally resulted in only two single mRNA replicate
samples out of the 18 analysed being quantifiable. While these samples were in each of the 21
states 1t would be 1napproprnate to imply anything from these two samples alone. When small
RNAs are compared to the bulk average they are typically ~2-5-fold enriched, which 1s a
substantial change when considered in isolation, but is more modest than what i1s observed for

S>mC and 5hmC.

6-Methyladenosine 1s most abundant within mRNA and comparatively devoid in small RNA,
relative to each other and total RNA (Figure 4.21). The mRNA transcript preference is
consistent with published m6A-mapping data (Perry et al., 1975, Chen et al., 2015).
Approximately 2-fold enrichment in mRNA compared to total RNA and ~2-fold depletion in
small RNA relative to the same standard 1s substantive, but more modest than what is observed
for modified cytosines. The data 1s remarkably consistent across the cell lines assayed, with the
exception of TKO EpilL.SCs, in which mRNA m6A levels drop. TKO EpilLSCs display elevated
levels of EMT markers compared to bona fide wild type EpiSC (Figure 4.2E). As a result, some
of the cells within this population progressed into differentiation, and so will have passed through
the transition period of elevated m6A used to clear transcripts and facilitate the adoption of a

new cell state.
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Together, these results are telling. They show that the primary factor dictating modified RNA
abundance 1s the RNA subtype, with modified cytosines being most prevalent in small RNA and
m6A 1s more concentrated within mRNA transcripts. Additionally, 5hmC transiently icreases
in the transitions between naive and primed cells in a manner which 1s partially disrupted by the
absence of DNA methyltransferases. Reduced m6A levels in TKO EpiSCs are a reflection of
their partial differentiation. Further experimentation was performed in TET triple knockout
cells with the expressed purpose of identifying the role of these enzymes in modified cytosine

metabolism.
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Fig 4.22 5-Methylcytosine quantification by LC-MS/MS in TET triple knockout ESCs.

5-Methlcytosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of
cytosine. J1s were used as wild type ESCs. Technical duplicates of biological triplicates (n=3) are shown, with
the technical replicates matched by colour. Statistics were performed using three-way ANOVA with Tukey T-
test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied.
Where statistically significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *k*
= p <0.0005, #e =1 <0.0001.
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Fig 4.23 5-Hydroxymethylcytosine quantification by LC-MS/MS in TET triple knockout

ESCs.

5-Hydroxymethlcytosine levels in total RNA from stem cells are provided as a percentage of all quantified forms

of cytosine. J1s were used as wild type ESCs. Technical duplicates of biological triplicates (n=3) are shown, with

the technical replicates matched by colour. Statistics were performed using three-way ANOVA with Tukey T-

test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied.

Where statistically significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *<*
= p <0.0005, F =1 <0.0001.
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Fig 4.24 5-Formylcytosine quantification by LC-MS/MS in TET triple knockout ESCs.

S-Formyleytosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of
cytosine. J1s were used as wild type ESCs. Technical duplicates of biological triplicates (n=3) are shown, with
the technical replicates matched by colour. Statistics were performed using three-way ANOVA with Tukey T-
test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied.
Where statistically significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *<*
=p <0.0005, **x = p <0.0001. Where the signal fell below the limit of detection, this is indicated with n.d. (not
detected) with the limit of detection given.
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Fig 4.25 6-Methyladenosine quantification by LC-MS/MS in TET triple knockout ESCs.

6-Methyladenosine levels in total RNA from stem cells are provided as a percentage of all quantified forms of
adenosine. J1s were used as wild type ESCs. Technical duplicates of biological triplicates (n=3) are shown, with
the technical replicates matched by colour. Statistics were performed using three-way ANOVA with Tukey T-
test for the biologically relevant comparisons in which only culturing media, genotype, or RNA subtype varied.
Where statistically significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *k*
= p <0.0005, #e =1 <0.0001.
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TET triple knockout had no effect on RNA 5mC levels, while the same distinctions based upon
RNA subtype observed in Figure 4.17 were found, save for mRNA compared to total RNA
(Figure 4.22). This was no longer statistically significant in wild type cells. Upon inspection of
the formulae used, the difference arose from higher confidence intervals for the difference
between the means. This was due to an overall smaller and more variable total dataset.
Regardless, the same pattern of lower 5mC levels in mRNA compared to total RNA can still be

observed.

TTKO cells have lower 5hmC levels in both total and small RNA in serum and 21 media
conditions (Figure 4.23). This shows the TETSs to be mvolved in RNA 5hmC biosynthesis, but
critically indicates an independent synthesis route. Such a route must exist, as RNA 5hmC exists
i the complete absence of functioning TET enzymes. 5-Hydroxymethylcytosine was
quantifiable m mRNA 1 the absence of TET enzymes, but not in the absence of DNMT's or in
EpiISC.  When juxtaposed i this way, the regulation of 5hmC along a naive-primed

developmental axis in a DNMT-dependent manner becomes more striking.

The abundance of 5fC was unaltered by TTKO, and so an alternative catalytic mechanism must
cause 1ts formation within ESCs (Figure 4.24). 5-Formylcytosine 1s elevated i small RNA in 21
conditions compared to either total RNA or small RNAs from serum cells. This was observed

previously, but holds greater statistical weight in this dataset (Figure 4.20).

The knockout of the TET enzymes has no effect on m6A levels, which was as expected (Figure
4.25). The differences observed previously in mRNA, total, and small RNAs in ESCs were also

observed in this experiment (Figure 4.21).
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Representative Bioanalyzer traces are given for total RNA (A), total input RNA (B), mRNA (C) and small RNA

(D). In each case, RNA from ESCs grown in serum are provided.




4.4 Discussion

Experimentation in stem cells was conducted to mvestigate how modified RNAs, particularly 5-
methyleytosine and its oxidised derivatives, and their deposition machinery might be related to
DNA methylation status. This was disentangled from, and compared to, the effects of adopting
anaive cell fate, as occurs during epigenetic reprogramming. Additionally, the processes involved
i capacitation and priming, modelled by ESCs grown in 21, ESCs grown in serum, and EpiSCs,
were also used to model RNA modification and RNMT dynamics. A final stem cell system, in
which all three TET enzymes were ablated, facilitated the investigation of these enzymes in the

oxidation of 5mC.

In the absence of DNA methylation, mammahan cells cannot stably adopt differentiated cell
states (Sheaffer et al., 2014). Considering this, it 1s in some ways surprising that in DNMT TKO
cells an EpiSC-like state can be induced. Priming may thus be the final boundary to which
mammalian cells lacking DNA methylation can reach before becoming destabilised and
undergoing apoptosis. That some elevation of EMT markers 1s observed in TKO EpiSCs
provides a tentative clue that these cell may be able to enter the differentiation process in some
way, but this 1s not canonical. Recapitulation of an EpiSC-like state lacking DNA methylation

was novel to this work.

The RNMTs NOP2, NSUNS, and TRDMT1 are upregulated m the absence of DNA
methylation in a manner that is ablated by the naivety of 21 culture. Such navety 1s associated
with lower levels of NSUNS and TRDMT'1 expression. From this it was hypothesised that RNA
S>mC would increase in abundance upon the loss of DNA methylation, while being reduced mn
naive cells through a mechanism independent of DNA methylation. However, the converse 1s
true. By both dot blotting and LC-MS/MS, it was found that 5mC 1s independent of DNA

methylation and increased i naive cells cultured in 21. Regulation of RNA modification level is
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therefore not brought about by modulation of the abundance of these RNMTs. The subcellular
localisation of these enzymes reveals unexpected cytoplasmic localisations for NOP2, NSUNZ2,
and NSUNJS. NOP2 returns to the nucleolus in primed EpiSC and TKO Epil.SCs. This 1s
consistent with a role in bringing about the increases in 5mC observed in these cells, through

mcreased catalytic turnover in the nucleolus.

The key determinant of the RNA 5mC, 5hmC, 5fC and m6A level 1s the RNA subtype analysed
i each cell state assayed. This highlights the functional and regulatory divergence of these
differing RNA classes, with the modified cytosines primarily located in small RNAs and m6A in
mRNA. RNA 5hmC and 5fC exist at very low abundances, particularly in mRNA. Many of the
samples analysed were below the limit of quantification, even for the highly sensitive LC-MS/MS
methodology optimised for this approach. A transient increase in RNA 5hmC in the
heterogeneous serum-cultured cell state between naive and primed cells results in a modest
reduction mn its precursor 5mC at this stage. While these developmental changes were both novel
and exciting, rather perplexingly m6A was highly static. 6-methyladenosine was only altered
within any given RNA pool in mRNA from TKO Epil.SCs. The reductions observed in these
cells are indicative of part of the TKO EpilLSCs population undergoing differentiation, and so

having already cleared the transcripts of the previous pluripotent state.

DNMT triple knockout almost universally did not alter modified cytosine levels. The sole
exception was 5ShmC in the small RNA of serum cultured cells, which in wild type cells represents
the greatest concentration of 5hmC measured. When considered together, this 1s a modest effect
for something as fundamental as the complete removal of DNA methylation. TET triple
knockout did not alter 5mC or 5fC abundances, while 5hmC levels were reduced, particularly in
small RNAs, but not ablated. These results necessitate a separate, yet to be identified enzyme(s)

in the formation of 5hmC and 5{C.
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It 1s clear that DNA 5mdC and RNA 5mC are not intrinsically mterrelated in the manner first
hypothesised. Rather, 5mC, 5hmC, and 5fC are regulated in an RNA subtype-specific manner
by the developmental progressions that occur between naive pluripotent cells and primed ones.
This 1s accompanied by the RNMT NOP2 localising to the nucleolus where it could
mechanistically drive these changes. Equipped with this knowledge, 12 vivo work was performed
to more fully understand these processes within a truly biologically relevant context. This 1s

outlined in the next chapter.

185



Chapter 5: RNA modifications

1 VIVO
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5.1 Introduction

A murine model was chosen to mvestigate RNA modifications within an m vivo DNA
demethylation context brought about by epigenetic reprogramming. Within the mammalian life
cycle there are three mstances of this occurring, which can be broken down into either
zygotic/early embryo, or germline reprogramming (Introduction and literature review: Figure
1.12) (Saitou et al., 2011). In the zygote the male pronucleus loses DNA 5mdC immediately
post-fertilisation, while the maternally inherited DNA loses its methylation more slowly during
early embryo development from the 1-cell stage to the morula or early blastocyst stage (Mayer et
al., 2000, Amouroux et al., 2016, Kafri et al., 1992, Monk et al., 1987, Howlett et al., 1991). The
germ line 1s specified in the proximal epiblast before residing in the hindgut, and then migrating
to the developing gonad (Lawson et al., 1999, Anderson et al., 2000, Tam et al., 1992, et al.,
2002). Upon entry to this tissue, germ cells undergo epigenetic reprogramming with the
concurrent reductions in DNA methylation (Hajkova et al., 2002, Hill et al., 2018). The duration
over which active demethylation occurs 1s typically 24 hours, however the entry of PGCs to the
genital ridge 1s not synchronised (Hajkova et al., 2002, Hill et al., 2018). Accordingly, DNA
demethylation occurs between 1£10.5 and E12.5. In none of these processes 1s DNA methylation
completely ablated, as 1s observed in DNMT triple knockout cells. Within these systems the
cell numbers, and resultant amounts of material, provided constramts upon what

experimentation was feasible.

Primordial germ cells were chosen as the main 2 vivo model, as they provide the greatest cell
number out of the 3 i1 vivo contexts available. PE OCT4GFP males were crossed with wild type
females, of C57bl6 background, to give heterozygous embryos with GFP-labelled PGCs in

accordance with the restricted expression of OCT4 to these cells (Yoshimizu et al., 1999). This
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facilitated the 1dentification of PGCs from surrounding somatic tissue as well as the 1solation of

pure populations by fluorescence-activated cell sorting (FACS) (Hajkova et al., 2008).

5.2 Experimental Aims

In order to mitially characterise the systems, I sought to determine the expression of key genes
relating to RNA 5mC and m6A in in vivo reprogramming. Subcellular localisation was of key
mterest following on from in vitro work (Chapter 4: RNA Methylation in Stem Cells). As such,
it was deemed a priority to establish where NOP2, NSUN2, NSUNS and TRDMTT1 localise
within cells undergoing in vivo reprogramming. In doing so, this enabled a resolution as to
whether the subcellular localisation changes observed in vitro reprogramming recapitulated mn
vivo. Quantification of RNA modification levels in 2 vivo reprogramming was considered a

priority in understanding their function within this context.

5.3 Results

5.3.1 Gene expression analysis reveals dynamic changes n RNMT and m6A-

related gene expression mn early embryo and PGC development.

RNA-seq datasets previously generated m the lab were used to ascertain the expression of
RNMTs and m6A readers, writers, and erasers. These datasets covered epigenetic
reprogramming in the zygotic maternal pronucleus during early embryo development, and

primordial germ cell epigenetic reprogramming (B. Nashun, Hill et al, 2018).

In PGCs undergoing epigenetic reprogramming /NopZ is highly expressed at a level above the
other RNMTs (Figure 5.1A). With reads per kilobase million (RPKM) values above 60, this
falls into one of the highest percentiles for gene expression within these cells (P. Hill, personal

communication). When the other RNMTs are considered each is found to be expressed, some
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at moderately high levels of 10-20 RPKM (Figure 5.1B). NopZ, Trdmtl, NsunZ, and Nsun) and
all display positive trends around the time course of epigenetic reprogramming. These are the
same RNMT's that were found to be upregulated in the 2 vitro reprogramming model, and which
were analysed m stem cells (Chapter 4: RNA methylation i stem cells). While this was
encouraging, the m6A readers, writer, and erasers showed little variation over the developmental
time course. The notable exception to this 1s the incremental increase in the reader protein
Ythdf?. Ythdcl expression was not detected in any of the samples. YTHDCI 1s mvolved i
SAM homeostasis through degradation of the MatZa gene encoding the SAM synthase (Mendel
et al., 2018, Shima et al., 2017). Consequently, as YT'HDCI 1s absent it cannot be involved in

any SAM homeostasis during this time of rapidly changing methylation landscape.

In the early embryo dataset there were sufficient replicates to enable statistical comparisons
(Figure 5.1D-G). NopZ2 expression increases ~100-fold from the 1-cell to 2-cell stage, before
progressively dropping off. 7rdmtl and Nsun4 are expressed most highly in the 1-cell stage,
before experiencing large proportional decreases in their mRNA abundance. In the instance of
Trdmtl, a bimodal pattern emerges, in which the mRNA abundance 1s transiently increased
during the morula stage. Nsun2 undergoes a gradual transient wave of upregulation, reaching a
maximum in the 4-cell stage. It is clear that there 1s a highly dynamic RNMT landscape during
the early embryo development. This was considered encouraging in relation to the roles these
enzymes may play during maternal DNA demethylation and early embryo development more
broadly. The picture of m6A readers, writers, and erasers in early embryo reprogramming is not
as clear as that for RNMTs (Figure 5.1F-G). However, there 1s a notable progressive reduction
i the expression of the methyltransferase Mettl3 and reader protein Wiap at the mRNA level.
Ythdf2 undergoes a wave of upregulation which peaks at the 4 cell stage. This protein 1s necessary
for the maternal to zygotic transition that enables development beyond the 2-cell stage (Ivanova

et al., 2017).
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Fig 5.1 PGC RNA-seq reveals dynamic expression changes of proteins involved in 5mC and
m6A metabolism during epigenetic reprogramming.

(A-C) Previously published PGC RNA-seq data are presented (Hill et al, 2018). The detected RNMTs (A-B)
and m6A readers, writers, and erasers (C) are displayed. The data in (A) is reproduced in (B) without NopZ2 due
to the large range of count values between the RNMTS. The data presented 1s representative of n=2 biological

replicates.
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Fig 5.2 Early embryo RINA-seq reveals dynamic expression changes of proteins involved in
5mC and m6A metabolism during epigenetic reprogramming.

(A-D) Early embryo RNA-seq data generated by a colleague are presented (B. Nashun). The detected RNMT's
(A-B) and m6A readers, writers, and erasers (C-D) are displayed. The data in (A) is reproduced in (B) without
Nop2, Nsun2, and Nsun4 due to the large range of count values between the RNMTS. The data in (C) is
reproduced in (D) without WZap due to the large range of count values between the m6A readers, writers, and
erasers. Error bars display standard deviation calculated from n=3 replicates.
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5.3.2 RNMT protein levels and subcellular localisations in early embryo and PGC

development

5.3.2.1 Primordial germ cells have elevated RNMT protein levels and display dynamic changes
m NOP2, NSUNZ2, and NSUNJ subcellular localisations

At the nadir of DNA demethylation i E12.5 PGCs, the total germ cell population is
approximately 1000 cells per embryo. This decreases precipitously i earlier developmental
time points. As such, substantial pooling of samples would be necessary to perform western
blotting. While recent advances have brought such experimentation into the realms of feasibility,
reproducibility 1s a problem for low input western blotting (Dr. Tien-Chi Huang, personal
communication). In light of this, immunofluorescent staining was used to quantify protein

abundance and subcellular localisation.

Initial experimentation found that the o-RNM'T" antibodies available performed poorly on genital
ridge cryosections, particularly in regards to permeabilisation into the tissue. This did not resolve
upon optimisation of a range of relevant parameters, and so single cell genital ridge
mmmunofluorescent staining was performed. Having previously established protocols for
mmmunofluorescent imagining of stem cell colonies using the a-RNMT antibodies, resorting to
a single-cell approach enabled imaging. By the nature of dissociating cells from dissected genital
ridges without cryopreservation, it was not possible to include multiple embryonic time points
on the same slides. As a result, the expression of the RNMTs in each panel cannot be compared
to other time points, but expression relative to the surrounding somatic cells can be observed.
This data 1s displayed in figures 5.2-5.9 at a lower magnification than immunofluorescence images

m figures 5.10-5.16 to encompass more cells within the field of view.
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Fig 5.3 NOP2 expression in female PGCs.
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Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NOP2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTA4GFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=1 (E11.5) or n=3 (E12.5-E15.5) biological

replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.4 NOP2 expression in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NOP2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCT4GFP heterozygous embryos were used so that PGCs could be identified from soma by

the expression of GFP. Representative images are displayed of n=3 (E11.5-E15.5) biological replicates with at

least 5 PGCs assessed as technical replicates. Scale bars depict 9 pum.
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Fig 5.5 NSUN2 expression in female PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUNZ2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=2 (E14.5) or n=3 (11.5-E18.5, E15.5)

biological replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.

195



Merge

E11.5

E12.5

E 13.5

E 14.5

Fig 5.6 NSUN2 expression in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUNZ2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=1 (E11.5) or n=3 (E12.5-E15.5) biological

replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.7 NSUNS expression in female PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUNJS. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=1 (E11.5), n=2 (E14.5), or n=3 (E12.5, E13.5,

E15.5) biological replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.8 NSUNS expression in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUNJS. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTA4GFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=2 (E11.5) or n=3 (E12.5-E15.5) biological

replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.9 TRDMT1 expression in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and TRDMT1. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCT4GFP heterozygous embryos were used so that PGCs could be 1dentified from soma by
the expression of GFP. Representative images are displayed of n=2 (E14.5) or n=3 (11.5-E18.5, E15.5)

biological replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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The time pomts shown n figures 5.2-5.10 stretch from the rapid demethylation that occurs
around E11.5 and E12.5 through to E15.5 (Hajkova et al., 2002, Hill et al., 2018). Sexually
dimorphic cell programmes occur in which male PGCs undergo mitotic arrest at E13.5, while at
this point the female PGCs enter into the meiotic program before themselves undergoing mitotic
arrest at E14.5 (Saitou et al., 2011). These timescales are not absolute within the Mus musculus
species, with temporal shifts observed depending upon the genetic background (P Hajkova,
personal communication). The C57bl6 strain used undergo demethylation to ~E12.5-E13.5,
representing a shift in ime course outlined above by approximately 1 day (P Hajkova, personal
communication). Consistent with this, gestation in this strain 1s at the later end of the range shown
m mice (19-21 days). Even with this factored in, the developmental time course from E11.5-
E15.5 goes beyond epigenetic reprogramming. The later ime points were included due to initial
observations from test stainings performed on genital ridges from embryos of these ages. These

were used 1n this instance to provide more material for assessing staining parameters.

It can be clearly seen from figures 5.2-5.5 that there 1s an increased expression of NOP2, and
NSUNZ, in male and female PGCs relative to soma m all stages shown. However, the expression
of NSUNJ 1 female PGCs 1s similar to that of the surrounding somatic cells. Intriguingly, in
male PGCs NSUNJ 1s more highly expressed than the surrounding cells at E11.5 and E12.5,
before achieving similar expression levels to somatic cells at E13.5. This data cannot be made
directly comparable to the expression data from RNA-seq, however it 1s exciting to have a
pronounced signal increase in this RNMT during in vivo epigenetic reprogramming. Due to
time constraints and the stochastic nature of male and female frequencies within litters,
TRDMT1 was only analysed in male PGCs. It showed the inverse dynamics to NSUNS, insofar
as TRDMT1 displaying a lower signal imm PGCs compared to soma during epigenetic
reprogramming before imcreasing to somatic levels, or greater. These finding were encouraging,

particularly as the comparison to soma was not available within the experimentation in stem cells
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outlined i Chapter 4: RNA methylation in stem cells. The equivalent data 1s shown 1 figures

5.10-5.16 to show the subcellular localisation of these proteins.

DAPI GFP NOP2 Merge
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Fig 5.10 NOP2 subcellular localisation in female PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NOP2. The individual channels used to image these fluorophores are provided, as well as a merged
image. C57bl6 PEOCTA4GFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=1 (E11.5) or n=3 (I£12.5-E15.5) biological

replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.11 NOP2 subcellular localisation in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NOP2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=3 (E11.5-E15.5) biological replicates with at

least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.12 NSUNZ2 subcellular localisation in female PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUNZ2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=2 (E14.5) or n=3 (E11.5-E18.5, E15.5)

biological replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.13 NSUNZ2 subcellular localisation in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUN2. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTA4GFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=1 (E11.5) or n=3 (E12.5-E15.5) biological

replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.14 NSUNJ subcellular localisation in female PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and NSUNJS. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=1 (I211.5), n=2 (E14.5), or n=3 (E12.5, E13.5,

E15.5) biological replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.15 NSUNJ subcellular localisation in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GIP and NSUNS. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=2 (EE11.5) or n=3 (E12.5-E15.5) biological

replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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Fig 5.16 TRDMT'1 subcellular localisation in male PGCs.

Dissociated genital ridge cells were imaged using DAPI and fluorophore-coupled antibody complexes against
GFP and TRDMT1. The individual channels used to image these fluorophores are provided, as well as a merged
mmage. C57bl6 PEOCTAGFP heterozygous embryos were used so that PGCs could be identified from soma by
the expression of GFP. Representative images are displayed of n=2 (E14.5) or n=3 (E11.5-E18.5, E15.5)

biological replicates with at least 5 PGCs assessed as technical replicates. Scale bars depict 9 pm.
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NOP2 initially localises to the nucleus of PGCs, with distinct nucleolar foci represented by the
gaps 1 DAPI signalling. However, at E13.5 it redistributes to the cytoplasm, displaying a
particularly strong signal around the external nuclear periphery in both males and females (Figure
5.10-5.11).  Similar phenomena are observed for NSUN2 in female PGCs, although the
transition occurs later at E14.5 (Figure 5.12). No such transition is observed in male PGCs,
which retain a nucleolar NSUNZ signal from E11.5-E15.5 (Figure 5.13). NSUNSJ shifts from a
nuclear staining towards a diffuse, broadly cytoplasmic staming at E12.5 (Figure 5.14-5.15).
TRDMTT1 remains cytoplasmic throughout this time course (Figure 5.16). Accordingly, three
distinct temporally separate RNMT subcellular localisation changes have been identified, one of
which 1s sexually dimorphic. NSUNJS and NOP2 localise to the cytoplasm as the PGCs undergo
the final stages of epigenetic reprogramming and the concurrent reduction in DNA methylation.
Within the genetic background used across these experiments, 14.5 female PGCs are entering
meilosis, while their male counterparts are entering mitotic arrest. It is perhaps unsurprising then
that the redistribution of NSUN2 at E14.5 only occurs in one of the sexes. It was thus
hypothesised that this represented a functionality related to the meilotic programme as opposed
to any facet of epigenetic reprogramming. To investigate further how these RNMT's localise
within cells undergoing epigenetic reprogramming, 1 vivo early embryo immunofluorescent

staining was performed.

5.3.2.2 Early embryos

B6CBAF1/] mice were super ovulated prior to the dissection of cumulus-oocyte complexes and
subsequent in vitro fertihsation. Dr B. Nashun completed these steps, with the downstream
mmmunofluorescent staining, imaging, and data analysis performed by myself. There is little
localisation change observed for NOP2 during this time course (Figure 5.17). In each instance

a diffuse signal 1s observed which 1s excluded from the nucleoli. Up to and including the 4-cell
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stage, NSUN2 primarily localises to the cell membrane (Figure 5.18). From the 4-cell stage
through to the morula and blastocyst, NSUNZ2 signal 1s observed throughout the cell structure,
with the exception of the nucleoli. That the strong signal at the cell membrane 1s not present in
all embryonic stages argues against an interpretation that this may be an edging effect due to
mcomplete antibody permeability into the cell. Rather, this 1s more consistent with sequestering
of the enzyme away from its substrate during the first 2 cell divisions following fertilisation. It 1s
revelatory that the localisation changes observed for NOP2 and NSUNZ2 in PGCs do not
coherently transpose onto the early embryo. This strongly suggests divergent molecular
mechanisms, which 1s not surprising given that PGCs undergo active demethylation of DNA
originating from both parents, while the early embryo displays passive demethylation of
maternally-inherited chromosomes (Hajkova et al., 2002, Hill et al., 2018, Kafr1 et al., 1992,
Monk et al., 1987, Howlett et al., 1991). Figure 5.19 displays the NOP2 and NSUNZ2 blastocyst
staining at a lower magnification to enable comparison between the mner cell mass (ICM) and
the surrounding trophectoderm. While there 1s no difference in NOP2 signalling (Fig 5.19A),
NSUNZ gives a greater signal in the trophectoderm than in the ICM (Fig 5.19B). This opens up
the novel context in which NSUN2 may have a specific functional role in the extracmbryonic
trophectodermal lineage. Further investigation would be necessary to elucidate this further. It
would have been mteresting to have performed similar stamnings for NSUNS5 and TRDMTT1.

However, this was unfortunately not possible due to time constraints.
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Fig 5.17 NOP2 subcellular localisation in early embryos.

Early embryos were imaged using DAPI and fluorophore-coupled antibody complexes against NOP2. The
individual channels used to image these fluorophores are provided, as well as a merged image. Representative
images are displayed of n=5 (morula), n=6 (2-cell, 4-cell, blastocyst), or n=8 (1-cell) biological replicates. Scale

bars depict 9 pm.
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Fig 5.18 NSUN2 subcellular localisation in early embryos.

Early embryos were imaged using DAPI and fluorophore-coupled antibody complexes against NSUN2. The
mdividual channels used to image these fluorophores are provided, as well as a merged image. Representative
images are displayed of n=5 (morula, blastocyst), n=6 (4-cell), or n=7 (1-cell, 2-cell) biological replicates. Scale

bars depict 9 pm.
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DAPI RNMT Merge

Fig 5.19 NOP2 and NSUN2 expression in blastocysts

NOP2

NSUNZ2

Early embryos were imaged using DAPI and fluorophore-coupled antibody complexes against NOP2 (A) or
NSUNZ2 (B). The individual channels used to image these fluorophores are provided, as well as a merged image.

Representative images are displayed of n=8 (NOP2), or n=5 (NSUNZ2) biological replicates. Scale bars depict 9
pm.

5.3.3 PGC total RNA modificaion abundances provide tentative idications of

5>mC and m6A elevations predating epigenetic reprogramming

LC-MS/MS was used to analyse the abundance of RNA 5mC, 5hmC, 5fC and m6A i primordial
germ cells. C57bl6 PEOCTA4GFP heterozygous embryos were used, as was the case for the
mmmunofluorescent stainings. A pure population of PGCs was generated by FACS sorting cells
dissociated from dissected embryonic genital ridges for GFP expressed under Oct4 promoter.
The GIFP-negative somatic cells were collected as well as the GFP-positive PGCs. This enabled
comparisons between the PGCs which were undergoing, or had underwent, epigenetic
reprogramming with surrounding somatic cells. As such, any behaviour specific to the PGC
biological context could be ascertained by controlling for the condition in the soma. This 1s in

addition to assaying dynamics along a temporal dimension from E10.5-E15.5 embryos. Male
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and female embryos were treated as separate samples, with the results obtained outlined in figure

5.20.

Due to the low cell numbers involved (as low as 67 PGCs 1n some dissections), the material
available for analysis was very low. As a result of this, RNA 5hmC and 5fC could not be detected
above background noise from these samples by LC-MS/MS. Independent verification by dot
blotting was also not possible due to the comparatively low amount of RNA which could be
recovered. RNA 5mC shows no change in any of the samples measured in either male or female
embryos (Figure 5.20A-B). In female PGCs there 1s an upregulation in m6A from E10.5 to
E12.5 when viewed with a 2-day time resolution (Figure 5.20C). This shows significance to p <
0.05, and should be considered in the context of the large variability of m6A signal from E10.5
and E11.5 PGCs. In males a similar increase is observed, but rather this i1s at 1-day time
resolution from E10.5 to E11.5 (Figure 5.20C). When considered together, the landscape for
RNA 5mC and m6A 1s relatively static at the total RNA level over this period of development.
At the earliest bounds of the time course assayed, m6A 1s less prevalent in PGCs than at
subsequent time points. This may point towards an earlier event of which only the tail end 1s
caught by this experiment. The sample variability in embryos at the beginning of this time course
1s intriguing. E10.5 1s the only sample in which embryos are pooled (due to low cell numbers),
which should reduce the variability between samples. Rather, as the varation 1s between litters,
this 1s more indicative of differences related to shghtly different embryonic ages at the point of
collection relative to fertilisation. 6-Methyladenosine thus may increase rapidly in PGCs leading
up to E11.5. Applying this assay to PGCs and somatic cells from younger embryos would enable
this to be elucidated further. The percentage abundance values obtained are approximately in

line with those obtained from total RNA from ESCs.
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Fig 5.20 Modified RNA quantification by LC-MS/MS in PGCs and surrounding somatic cells.

S-methylcytosine (A-B) and 6-methyladenosine (C-D) levels in total RNA from GFP positive PGCs and GFP
negative somatic cells are provided as a percentage of all quantified forms of the respective unmodified
nucleoside. Female (A, C) and male (B, D) embryos are displayed separately. The age of the embryos, as well
as whether the cell population were GFP-positive PGCs (+ve) or GFP-negative somatic cells (-ve), are provided
on the x-axis. Technical duplicates of biological triplicates (n=3) are shown, with the technical replicates matched
by colour. E10.5 samples were pooled from littermates, with the same data points plotted for male and females.
All other samples represent individual embryos. Statistics were performed using two-way ANOVA with Tukey
T-test for the biologically relevant comparisons in which only developmental age, or GFP expression varied.

Where statistically significant differences occur, they are demarcated as follows: * = p <0.05, ** = p < (0.005, *k*

~ p <0.0005, 5% = p < 0.0001.

214



5.4 Discussion

Through the development and refinement of methodologies, and their application i i vitro
stem cell models, the work outlined in previous chapters built up to the material in this chapter.
Through analysing previously published RNA-seq data, encouraging dynamics i multiple
RNMT's was observed during epigenetic reprogramming in PGCs (Hill et al, 2018). However,
there were no corresponding changes in 5mC levels in total RNA during, or after, reprogramming
i either female or male embryos. In spite of this, three separate reproducible subcellular
localisation changes were revealed for the RNMTs NSUNJS5, NOP2, and NSUN2. These
progressively occurred at E12.5, E13.5, and E14.5 respectively, with NSUNZ2 only displaying this
phenomenon in female PGCs. When considered together, there are strong implications that
there 1s an underling biological phenomena, potentially synergistically brought about by
sequential relocations of RNMTs from the nucleus to the cytoplasm. Bulk averaging may be
concealing biologically relevant alterations in RNA 5mC abundance within RNA subsets, or even
specific transcripts. It would be interesting to perform RNA subtype selection on PGCs derived
RNA, however substantial pooling of samples would be necessary. Pooling of samples was

necessary for E10.5 embryos to enable quantification of 5mC and m6A abundances.

The early embryo facilitated the analysis of RNM'T expression and localisation in an epigenetic
reprogramming context brought about m part by a passive, as opposed to entirely active,
mechanism. Within this situation Nsunfwas found to steadily increase in expression up to the
4-cell stage, at which point the protein is relocalised from the proximity to the cell membrane, to
the rest of the cell, excluding the nucleolus (B. Nashun). This 1s accompanied by a reduction in
the expression at the mRNA level. NopZundergoes a ~100-fold increase in mRNA expression
from the 1-cell to 2-cell stage before precipitously decreasing as the embryo develops. No change

i the subcellular localisation of this protein was observed. RNA modification quantification in
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the early embryo model would be key to more fully characterising this system, particularly as the

data presented points towards a dynamic, regulated system.

The readers, writers, and erasers of 6-methyladensine are minimally altered through PGC
epigenetic reprogramming. This corresponds with a relatively static m6A abundance at the total
RNA level. There are more mteresting expression dynamics in the early embryo. For example,
the transient upregulation of YT'HDF2, which 1s necessary to clear maternal transcripts in the
maternal to zygotic transition to enable development beyond the 2-cell stage (Ivanova et al.,
2017). 6-Methyadenosine quantification in early embryos would accordingly be a potentially

revelatory line of inquiry.
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Chapter 6: Discussions and

conclusions
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Within the Introduction and Literature Review chapter of this thesis the current understandings
of RNA 5mC, 5hmC, and m6A were outlined. The underlying connections linking these
modifications to development, and postulating their role in epigenetic reprogramming in
particular, were established. This built towards the key hypotheses outlined i that chapter and

provided below:
* In the establishment of DNA 5mdC as a mechanism to regulate genome utilisation, RNA
SHmC has become connected to genomic control and developmental processes. This 1s

facilitated through an incomplete separation of the molecular machineries associated to
these two evolutionarily-linked nucleoside modifications

*  RNA 5mC and 5hmC have biologically relevant functions, some of which are more

relevant in, or are specific to, developmental processes such as epigenetic reprogramming

* RNA 5mC and 5hmC levels change globally and locally during the time-course of
epigenetic reprogramming in response to the global erasure of DNA methylation as an

epigenetic regulatory mechanism
*  RNA 5mC exhibits a functional interplay with 5mdC
* 6-methyladenine 1is involved in the cell fate transitions, and so 1s expected to alter n its

abundance during epigenetic reprogramming

6.1 Technical developments

In order to address the above hypotheses and better understand the underlying biological
significance and roles of these modifications, dot blotting and liquid chromatography tandem
mass spectrometry techniques were developed and optimised. RNA dot blotting was initially
considered as a relatively straight-forward technique, however a considerable amount of time and
effort was required to advance it to the point of being applicable. This was principally due to
artefacts arising from DNA 5mdC signal which were not properly controlled in the published
approaches available (Mishima et al., 2015, Hodge, 1998, Miao et al., 2016, Cui et al., 2017).

Wholesale changes were thus needed to enable valid results to be generated from this technique.
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This casts doubt over the mterpretation of RNA dot blotting which is not fully controlled for
other nucleoside contaminants, principally in relation to the 338D3 anti->mC antibody. DNA
HmdC 1s typically more abundant in DNA than 5mC 1s in RNA. Additionally, the comparative
amounts of each nucleoside necessary to achieve a detectable signal indicated that the antibody
shows a greater affinity for 5mdC than 5mC. This exasperates the effects any contaminants could
have, further highlighting the importance of sufficiently controlling for contaminant-derived

signal.

Through the use of reproducible analyte retention times and two separate m/z filters, LC-MS/MS
provided a highly specific methodology to quantify RNA modification abundances. Critical to
this specificity 1s the selection of the mass of the analyte before and after reproducible
fragmentation. As the glyosidic bond between the ribose and base 1s broken in fragmentation
with the charged base detected, the mass difference 1s that of the ribose ring for each RNA
nucleoside. As such, there is no chance of DNA contamination giving an artificial signal. The
LC-MS/MS approach is a truly quantitative method, while the uncharacterised antibody response
to epitope abundance results in dot blotting being at most semi-quantitative. An unparalleled
level of sensitivity for the detection of modified RNA nucleosides was achieved, with detection
down to 5 x10™7 mol and quantification typically around 2.5 x10"° mol. This new technical set-
up opens up modified RNA quantification to entirely novel low cell number contexts. This was
necessary to quantify RNA 5mC and m6A in PGC RNA, although it was not sufficient for the
detection of 5hmC or 5fC. This reflected the very low proportional abundance of these
modifications within a starting material which was already Iimited by the low number of cells
available. With this in mind, it is clear that, although the body of work represents a significant
advancement within the field, there are biological rationales for seeking even greater sensitivity.
This may not be technically feasible, and certainly is not based on currently available

mstrumentation for some quantified modifications. Ion suppression reduces the 5hmC signal

219



detected, as 1t co-clutes with unmodified cytidine. There 1s this scope to further develop the

chromatography program to fully resolve these analytes to increase the sensitivity for 5hmC.

The LC-MS/MS is compatible with application to the myriad of other RNA modifications which
have been discovered in vivo, but remain poorly characterised. Through cycling Q1 and Q3
values many analytes can be analysed i parallel without reducing the sensitivity of the assay to
any of the analytes. As the sensitivity achieved n this thesis 1s unparalleled to date, this method

opens up novel avenues of research into these modifications.

6.2 Quantification of modified RN As

Upon the analysis of both 2 vitro and in vivo epigenetic reprogramming models, key hypotheses
1, 4, and 5 indicated on the previous page were refuted. RNA 5mC was found to be independent
of DNA 5mdC level in ESC and PGC demethylation systems. This disproved their proposed
functional independence and the anticipated global changes m 5mC during epigenetic
reprogramming. While 5hmC could not be detected in PGCs, there was no evidence from ESCs
for global, transcriptome-wide 5hmC alterations during epigenetic reprogramming.  6-
Methyladenosine was muted in its response to any of the differing cell states assayed both in vitro
and i vivo. No differences were observed, save for a reduction in mRNA from TKO Epil.SCs
compared to wild type EpiSCs and a somewhat lower m6A levels in E10.5 PGCs than in later
time points. The former 1s most likely a result of the TKO EpiLSC population partially entering
differentiation, as was found through RT-qPCR analysis of marker expression, and so having
already cleared the transcripts associated with the earlier cell fate. Further work on embryos
earlier in development may identify that this 1s the tail end of a biologically relevant modification
function. This would be consistent with the novel signalling encountered by migratory PGCs
entering the gonadal niche resulting in the clearing of transcripts from the previous cell fate
(Introduction and literature review: Figure 1.7) (Wang et al., 2015, Sheth et al., 2003, Du et al.,
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2016, Roundtree et al., 2017). Future work will look to establish this through the collection of

earlier migratory PGCs for FACS and LC-MS/MS analysis.

While the systems did not behave as had been hypothesised, the experimental approaches used
did yield novel findings. It was established that embryonic stem cells lacking detectable DNA
methylation are capable of developing further than had been previously believed and adopt an
epiblast-derived stem cell-like fate (Sheaffer et al., 2014). In generating this new cell state, 1t was
possible to elucidate the modified RNA landscape in the transitions from naive pluripotency,
through capacitation, and ending in a primed state in both wild type and DNMT TKO stem
cells. While there is not an intrinsic link between 5mC in RNA and DNA methylation, a
transient downregulation was established along the naive-primed axis. Serum-cultured stem cells
displayed lower RNA 5mC abundances than cells grown in 21 or EpiSC/EpiLL.SC. This was
statistically significant, save for the difference between 21 and serum-cultured ESCs in wild type
cells. A reciprocal pattern was observed for 5hmC, but only in small RNA. While 5hmC has
been observed in RNA previously, the reciprocal relationship uncovered i this work provides
the first evidence n vivo of 5hmC acting as a RNA demethylation end product. While RNA
5>mC 1s an obligate precursor to 5ShmC, it had been unclear whether either the amount of 5hmC,
or the metabolic flux of its formation, was sufficient to have an appreciable effect on 5mC.
Curiously, it 1s in separate data sets that the respective changes in 5mC in total RNA and 5hmC
m small RNA are observed in relation to the naive to primed developmental axis. This validates
hypothesis 2 in relation to RNA methylation being linked to developmental progression. Future
work will move beyond EpiL.SCs to attempt to generate DNMT TKO embryoid bodies. This
will be assessed 1n vivo as well by mjecting TKO ESCs into wild type blastocysts to attempt to
generate a chimera. To what extant TKO cells could contribute to the differing linages would

then be assessed by lineage tracing.
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RNA subtype was found to be the most critical factor in establishing the abundance of 5mC,
5hmC, 5fC, and m6A, which two distinct sub-categories emerging. The modified cytosines exist
at much higher frequencies in small RNAs and are relatively devoid in mRNA, while the converse
1s true for m6A. This 1s a product of the divergent deposition machineries which bring about
these modifications i vivo. It highlights the context-dependent nature of such modifications as
well as their functional and regulatory divergence. It has recently been shown The RNA m6A
demethylase FT'O shows different substrate athnity to nuclear and cytoplasmic mRNA (Wer et
al., 2018). As such, future work will compare the abundance of RNA modifications in distinct
nuclear and cytoplasmic RNA fractions. The quantified abundance of a modified RNAs does
not give sequence context, and so cannot fully characterise RNA modifications i vivo in
isolation. RNA bisulphite sequencing will be used to characterise the location of RNA 5mC in
the transcriptomes of ESCs cultured in 21, serum, and EpiSCs. Critically the transcripts which
show different methylation along this naive-primed developmental axis will be assessed to more
fully understand the dynamics of RNA 5mC. This assay will be repeated with NopZ knockout
and Nsunf knockout embryonic stem cells to determine the 5mC sites which are dependent

upon these RNMTs.

6.3 TET-independent formation of RNA 5hmC and 5{C

A TET independent mechanism for the formation of 5hmC and 5fC was found to exist, through
the detection of these modifications in stem cells with no TET activity. It was naturally assumed
from the in vitro activity of TET enzymes in generating RNA 5hmC from 5mC that these
enzymes were responsible for generating they higher oxidative derivatives of 5mC mn vivo (Fu et
al.,, 2014). That no difference in 5fC abundance was detected upon the ablation of the TET
enzymes goes beyond the implication of a divergent pathway, showing the TET enzymes to be

nrelevant to 5fC abundance. This was an exciting and unexpected avenue opened up by this
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research and opens up fertile ground for further investigation. Alternatively, the 5hmC
nucleosides detected may represent previously hydroxylated cytidines which have been retained
i cellular RNA pool through nucleotide salvage (Zauri et al., 2015). While an intriguing idea,
the number of passages separating the TIT triple knockout formation and collection for
experiments would result in much lower levels of 5hmC than are detected by LC-MS/MS.
Having shown that DNA methylation 1s dispensable in generating an Epiblast-like stem cell fate,
it would be intriguing to perform the same transformation with TET triple knockout ESCs.
Combining TET triple knockout on top of the DNMT triple knockout cells would generate a
novel system which truly disentangles the effects of the TET enzymes on RNA from the activity

of these enzymes on DNA.

6.4 Subcellular localisation

Prior to this work, it had been found, or predicted, that all RNMTs are localised to the nucleolus,
with the exceptions of TRDMT1 and NSUN4, which are cytoplasmic and mitochondrial
respectively (Metodiev et al, 2014, Lewinska et al., 2015). Through i vitro and 11 vivo PGC and
early embryo systems subcellular localisation changes were observed for a number of RNMTs,
revealing a system of regulation which had not been considered previously. Within the
developmental progression modelled mn vitro from naive cells through to primed, NOP2 and
NSUNZ2 were each found to redistribute from the cytoplasm to the nucleus, and in particular the
nucleolus. For NOP2, this happens between serum-cultured cells and primed EpiSC/Ep1L.SCs,
corresponding with an increase in RNA H5mC. As the nucleolus 1s major site of RNA processing,
this 1s highly indicative of NOP2 localisation to this site mechanistically driving this increase mn
RNA 5mC (Hernandez-Verdun et al., 2010). While no changes in RNA 5mC were observed
during, or immediately following, epigenetic reprogramming in PGCs, subcellular localisation

changes for NSUNS, NOP2 and NSUNZ2 were observed. Within the context of the C57bl6
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genetic background of the mice used, NSUNJS5 and NOP2 were found to relocalise from the
nucleus to the cytoplasm in the later stages of DNA demethylation. NSUNZ2 subsequently
underwent this transition only in female PGCs while undergoing meiosis, however this was not
the case for male PGCs, which at this stage experience mitotic arrest. That NOP2 and NSUN2
localise to the cytoplasm in naive cell states i vitro and n vivo 1s encouraging. This remforces
their regulated association with the nucleus, and so their substrate RNAs, in cells which are
primed to differentiate or have differentiated. NSUNDJ 1s cytoplasmic in each in vitro stem cell
fate assayed, which shows that the nuclear localisation in E11.5 PGCs is not recapitulated. As
such, the trigger has not been identified, but it seemingly lies further towards a differentiated
state, as NSUNJ relocalisation occurs earlier than NOP2 in PGCs, which 1s itself recapitulated
in the primed stem cell state. From the images generated signal integration will be used to enable
protein quantification and comparisons of RNMT expression. The nucleolar signal intensity
shall also be calculated separately to enable the nucleolar:nucleus:cytoplasm ratio of protein
abundance to be determined and compared. This would enable a more quantified assessment

of subcellular localisation change.

Cells experiencing passive demethylation of maternally-derived DNA by replicative dilution in
the early embryo display divergent molecular mechanisms from those elucidated m PGCs
undergoing active DNA demethylation.  Within this context, NopZ dramatically increases in
expression by ~100-fold between the 1-cell and 2-cell stages, while NsunZ2 displays a transient
upregulation 1n expression which maps to a pattern of redistribution of the protein from the cell
membrane at the point of inflection. Additional experimentation would be necessary to explore
the function of these enzymes within this alternate demethylation system, however the available
results are strongly indicative of a regulated functionality. Separately, it was found that in the
blastocyst NSUNZ2 1s enriched in the extraembryonic trophectodermal lineage relative to the

mner cell mass. From the mmages generated signal integration will be used to enable protein
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quantification to verify this finding. This will be cross-referenced with existing RNA-seq data
(Boroviak et al., 2014) This indicates that there may be a specific role for this RNMT in the
development of the extracmbryonic structures. This was an unanticipated finding, which opens
up the possibility that NSUNZ2 may be a key gene in the trophectodermal lineage. To investigate
this further, Nsun2knockout ESCs will be generated and injected into 2-cell embryos o generate
chimeras. Lineage tracing will be used to determine if Nsun2 knockout biases cell fate against
the trophectoderm. The global underdevelopment of Nsun2 knockout embryos could be
mechanistically explained by a defect in extraembryonic tissue resulting in impaired embryo

growth.

In summation, while a number of the central hypotheses that guided my development of the
outline of this work were refuted, a range of novel and exciting findings have been elucidated

while improved methodologies have opened up novel avenues for scientific inquiry.
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