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Summary

In English:

N°-methyladenosine (m6A) is the most prevalent and abundant internal modification in mRNAs.
It plays regulatory roles that control gene expression in diverse cellular processes, including
RNA transcription, splicing, nuclear export, decay, and translation. Transcriptome-level m6A
mapping has become an essential tool in innumerable m6A studies. Despite the considerable
improvements in m6A mapping methodology, the applicability of current methods is limited
by the need for large amounts of input materials. In this thesis, we first developed an m6A ultra-
low/single-cell MeRIP-seq (m(6)A-specific methylated RNA immunoprecipitation with next-
generation sequencing, it is also abbreviated as scMeRIP-seq) mapping assay to study
transcriptome-wide m6A modification profiles using limited numbers of cells and single cells.
We describe the whole protocol in a step-by-step manner. In brief, m6A-containing RNA is
immunoprecipitated with an anti-m6A antibody prior to single-tube library construction and
sequencing with a high-throughput DNA sequencer, constituting an easy, robust and reliable
technique for mapping mo6A at the ultra-low/single-cell level. Second, we validated the method
by profiling m6A modifications in serial dilutions of poly(A)-selected RNA from mouse liver
and demonstrated its utility by assays single zebrafish zygotes, single mouse MII oocytes and
mouse blastocysts. Intriguingly, we found that m6A was deposited predominantly on the
MTA_ Mm retrotransposon in MII oocytes. MTA Mm is a unique retrotransposon element for
reprogramming of the genome during the maternal-to-zygotic transition. Third, by applying
scMeRIP-seq in mouse oocytes and preimplantation embryos in different stages of
development, we investigated the landscapes of m6A in early mammalian development,
revealing unique spatiotemporal m6A dynamics that accompany early mammalian
development. Collectively, our work opens a new avenue for studying m6A in a single cell and

in rare cells in a transcriptome-wide manner.



Pa norsk:

N6-metyladenosin (m6A) er den mest utbredte og anrikede interne mRNA-modifikasjonen.
Den har regulatoriske roller som kontrollerer genuttrykk i forskjellige cellulere prosesser,
inkludert RNA-transkripsjon, spleising, transport ut av cellekjernen, nedbryting og translasjon.
mo6A-kartlegging pd transkriptomniva har blitt et viktig verktoy i utallige m6A-studier. Til tross
for betydelige forbedringer 1 m6A-kartleggingsmetodikk, er anvendeligheten av dagens
metoder begrenset av behovet for store mengder cellemateriale. I denne avhandlingen utviklet
vi forst en mo6A ultra-lav/enkeltcelle MeRIP-seq (m(6)A-spesifikk metylert RNA-
immunutfelling etterfulgt av neste generasjonssekvensering, som forkortet heter scMeRIP-seq)
kartleggingsanalyse for & studere m6A-modifikasjonsprofiler pé transkripsjonsbredt niva ved
bruk av et begrenset antall celler og enkeltceller. Vi beskriver hele protokollen steg for steg.
Kort fortalt blir RNA som har m6A-modifikasjonen immunutfelt med et anti-m6A-antistoff for
bibliotek klargjeres i ett og samme ror, og deretter folger sekvensering ved hjelp av en DNA-
sekvenseringsmaskin med hey kapasitet. Dette er en enkel, robust og palitelig teknikk for a
kartlegge m6A pa ultra-lavt/enkeltcelleniva. Videre validerte vi metoden ved & profilere m6A-
modifikasjoner i seriefortynninger av poly(A)-selektert RNA fra muselever og demonstrerte
dens nytte ved analyser av enkeltzygoter fra sebrafisk, og enkelt-oocytter og blastocyster fra
mus. Interessant nok fant vi at m6A hovedsakelig blir avsatt pA MTA Mm retrotransposoner 1
MIl-oocytter. MTA Mm er et unikt retrotransposonelement for omprogrammering av genomet
under overgangen hvor utviklingen gar fra & vaere under maternell kontroll til & kontrolleres av
zygotens egne genprodukter. Til slutt undersekte vi m6A-landskapet 1 tidlig pattedyrutvikling
ved & bruke scMeRIP-seq pd museoocytter og preimplantasjonsembryoer i forskjellige
utviklingsstadier, og med dette avslerte vi en unik romlig-temporal m6A-dynamikk som finner
sted under tidlig pattedyrutvikling. Samlet sett &pner arbeidet vért opp for en ny mate a studere

mo6A pa i enkeltceller og i sjeldne celler pé et transkripsjonsbredt niva.



Introduction

The life of a mammalian embryo begins with a sperm fertilizing an oocyte. After fertilization,
the zygote acquires the capability to become a new organism. It divides and differentiates in an
organized manner. The central dogma of molecular biology describes the flow of genetic
information from DNA to RNA and from RNA to protein via processes called transcription and
translation, respectively (Crick 1970). The epigenome is the sum of the chemical modifications
on DNA and histones as well as certain chromosome-associated regulatory RNAs (carRNAs)
that affect the transcriptional activity of the genome without altering the DNA sequence
(Klemm et al. 2019). Modifications on DNA and histone residues regulate transcription, and
discoveries of the dynamic regulation of such marks have led to tremendous progress in our
understanding of gene regulation. Analogous to DNA methylation in epigenetics, RNAs are
subject to over 100 distinct posttranscriptional modifications that regulate various processes,
including RNA stability and decay and protein translation, and these mechanisms are
collectively termed epitranscriptome (Helm and Motorin 2017). Compared to the discovery of
dynamic DNA and histone modifications, the discovery of reversible RNA modifications is
much more recent, and the understanding of the epitranscriptome is still in its infancy. However,
over the past decade, novel methods for mapping RNA modifications have been widely used

and have become an effective tool for exploring the epitranscriptome (Zaccara et al. 2019).

During gametogenesis and embryogenesis, epigenomic and epitranscriptomic information is
coded and transmitted to the next generation. However, due to the scarcity of embryos, it is
unrealistic to use a large quantity of materials to explore the preimplantation development
mechanism. In the past decade, the rapid advancement of sequencing technologies has enabled
detailed profiling of the genomic and epigenomic code during early embryogenesis. RNA
sequencing is the most widely used method. Novel methodologies allow detailed studies on
DNA methylation (Guo et al. 2014; Zhu et al. 2018), chromatin accessibility (Gao et al. 2018;
Wu et al. 2018), histone modifications (Dahl et al. 2016; Zhang et al. 2016), the chromosome
conformation (Collombet et al. 2020), etc. N6-methyladenosine (m6A) is the most common
internal modification of mRNA and affects multiple biological processes related to mRNA
metabolism (Roundtree et al. 2017a; Zhao et al. 2017a; Zaccara et al. 2019). Dynamic m6A
modification has key roles in many processes occurring during reproduction, including
gametogenesis, maternal-to-zygotic transition (MZT) and early embryo development (Lasman
et al. 2020b; Zhang et al. 2020). To be noted, m6A is also required for morphogenesis in plants
and is key to post-embryonic development (Zhong et al. 2008; Arribas-Hernandez et al. 2018;
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Arribas-Hernandez et al. 2020). Regarding m6A and its function in model organisms and
cultured stem cells have been completed in recent years, yet the precise roles of m6A in

gametogenesis and embryogenesis are not well understood.

In 2012, two groups described a novel strategy for sequence-specific and transcriptome-wide
mo6A profiling, MeRIP-seq/m6A-seq (Dominissini et al. 2012; Meyer et al. 2012; Zaccara et al.
2019). MeRIP-seq/m6A-seq exploited an m6A-specific antibody to immunoprecipitate m6A-
containing RNAs and construct a library compatible with high-throughput sequencing (HTS).
Later, an expanding panel of m6A mapping methods were developed. To date, more than 2000
mo6A methylomes have been deposited in databases, providing valuable information on how
mo6A influences diverse physiological processes and diseases. Despite the power of these m6A
mapping methods, many challenges remain to be addressed, partly due to methodological
challenges. The large amount of input RNA required for immunoprecipitation and library
preparation, making it impossible for application in early embryos and cancer biopsies. This
thesis describes the development of ultra-low/single-cell MeRIP-seq (scMeRIP-seq) and its

application in oocytes and early embryos.

RNA modifications
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Figure 1. Known mRNA Modifications. m°A, N®-methyladenosine; m'A, N!-methyladenosine; m°Am,
N¢,2"-O-dimethyladenosineinosine; m°C, 5-methylcytosine; hm*C, 5-hydroxymethylcytosine; Nm, 2'-
O-methylated nucleotides; ¥, pseudouridine; I, inosine; m’G, N’-methylguanosine; ac4C, N*-

acetylcytidine. The figure is from (Song and Yi 2019).

The basic characteristics of RNA have been known for more than half a century; it is a linear
molecule composed of four ribonucleotide bases: guanine, uracil, adenine, and cytosine

(denoted by the letters G, U, A, and C, respectively). Compared with studies on DNA and



protein modifications, studies on RNA modifications have been underappreciated (Wiener and
Schwartz 2021). During the past decade, advances in technology have facilitated the discovery
of diverse RNA modifications, and more than 160 types of RNA modifications have been
identified and recorded in the database (Figure 1) (Boccaletto et al. 2018). Modifications make
RNA more rigid and more flexible without changing the ribonucleotides; these modifications
influence RNA structure, processing, stability, protein interactions, etc. (Boccaletto et al. 2018).
These diverse RNA modifications have been assigned to a new layer of gene regulation, which

is termed 'epitranscriptomics' or the 'epitranscriptome' (Saletore et al. 2012; Frye et al. 2016).
Methyladenosine Modifications
m6A, N'-methyladenosine (m1A), 2’-O-dimethyladenosine (m6Am)

moOA is the most prevalent internal modification in eukaryotic mRNA. The m6A/A ratio in
polyadenylated RNA has been calculated to be approximately 0.4% by LC-MS/MS (Liu et al.
2014). The METTL3-METTLI14 writer complex mediates N6-adenosine methylation of
nuclear RNA (Liu et al. 2014), and recent studies have identified several subunits in addition
to methyltransferases (Zaccara et al. 2019; Zhao et al. 2020). The FTO and ALKBHS5 (termed
'erasers') demethylases convert m6A to A, and the discovery of their activity was a key
discovery that demonstrated the reversibility of RNA modifications in eukaryotic cells (Jia et
al.2011; Zheng et al. 2013a). In 2012, two m6A mapping methods were developed to map m6A

across the transcriptome and have been used in innumerable studies.

The first two studies utilized antibodies to enrich m6A-containing RNA and analyzed this RNA
by massively parallel sequencing. However, antibody-dependent strategies recognize not only
mo6A but also 2’-O-dimethyladenosine (m6Am) (Linder et al. 2015). The m6Am modification
is mainly localized at transcription start sites (TSSs), the first nucleotide proximal to the 5’ cap,
and the m6 Am/A ratio is approximately 0.02—0.05% (Wei et al. 2018; Sun et al. 2019). m6Am
is a dynamic and reversible epitranscriptomic modification that determines mRNA stability

(Mauer et al. 2017).

Similar to the findings for m6A, transcriptome-wide identification of N'-methyladenosine
(m1A) showed its widespread presence at thousands of sites (Dominissini et al. 2016; Xiao et
al. 2016). However, the amount of m1A is much lower than that of m6A, and the m1A/A ratio
in polyadenylated RNA is approximately 0.02%. Later, the anti-m1A antibody was used to
combine with misincorporation-based reverse transcription and detected only a handful of m1A

sites (Li et al. 2017b; Safra et al. 2017). TRMT10C and TRMT61B were identified as
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mitochondria-localizing m1A methyltransferases (Li et al. 2017b; Safra et al. 2017). The
discrepancy between studies is due to a combination of SNPs, alignment, sequencing errors,
and computational considerations that led to sites being misinterpreted as m1A sites in earlier
studies (Schwartz 2018; Sas-Chen and Schwartz 2019). An optimal evolved reverse
transcriptase enabled the detection of well-characterized m1A sites and revealed hundreds of
mlA sites in human mRNA (Zhou et al. 2019a). In conclusion, these data suggest that m1A

could be present in a small number of sites in mRNA.
Cytosine Modifications
5-methylcytosine (m5C), 5-hydroxymethylcytosine (hm5C), N*-acetylcytidine (ac4C)

5-Methylcytosine (m5C) is present on 0.03—-0.1% of cytosines in RNA (Huber et al. 2015;
Legrand et al. 2017), and studies have identified ~10,000 m5C sites in human mRNA (Schaefer
et al. 2009; Squires et al. 2012; Amort et al. 2017; Yang et al. 2017). In addition, mRNAs were
found to be very sparsely modified by m5C or not methylated at all in mouse embryonic stem
cells (Legrand et al. 2017). several hundred exonic m5C sites were identified in human and
mouse tissues; approximately 62-70% of the sites had low methylation levels (<20%
methylation), while 8-10% of the sites were moderately or highly methylated (>40%
methylation) (Huang et al. 2019b). Analysis of HeLa cell RNA by reduced representation
bisulfite sequencing (RRBS-Seq) revealed hundreds of m5C sites in noncoding RNAs and
mRNAs (Khoddami et al. 2019; Schumann et al. 2020). Collectively, these findings support the
presence of m5C on mammalian mRNA, although the stoichiometry is context-dependent.
NSUN2 is a methyltransferase that catalyzes the conversion of cytosine to 5-methylcytosine
(m5C) at a CRGGG (where R stands for A or G) motif (Huang et al. 2019b; Schumann et al.
2020).

The 5-hydroxymethylcytosine (hm5C) level is much lower than the m5C level, found on
approximately 0.001-0.003% of cytosines (Huber et al. 2015). An antibody-based method
identified over 3000 hm5C peaks in the Drosophila brain, preferentially at polyadenylated
RNAs and located at the CDS region (Delatte et al. 2016). High levels of hm5C modification
in the brainstem, cerebellum, and hippocampus in mice have been identified by dot blot analysis

(Miao et al. 2016).



Inosine

Adenosine-to-inosine (A-to-I) editing refers to enzymatic deamination of adenosine
nucleosides and results in their permanent change to inosine in RNA (Bass 2002; Nishikura
2010). It is a co/posttranscriptional modification and mainly occurs in double-stranded RNA
(dsRNA) (Bass and Weintraub 1988). This modification was identified based on sequence
comparison between the DNA sequences and mRNA sequences of a particular glutamate
receptor (Sommer et al. 1991). RNA editing can be catalyzed by dsRNA-specific adenosine
deaminases acting on RNA (ADARs) (Polson et al. 1991). Three members of this family are
encoded by the mammalian genome: ADAR1, ADAR?2 (also called ADARB1) and ADAR3
(also called ADARB2) (Eisenberg and Levanon 2018). A-to-I modifications account for nearly
90% of all editing events in RNA, and more than one million editing sites have been reported
(Eisenberg and Levanon 2018). The development of high-throughput sequencing has allowed
the identification of various edited bases, such as those that have undergone the rare cytosine-
to-uracil (C-to-U) editing. However, at present, data on noncanonical sites might be

contaminated by mismapped reads or sequencing errors (Piskol et al. 2013)
Pseudouridine (V)

Y is possibly the most abundant base modification except for m6A, and the ratio of ¥/U in
mRNA is approximately 0.2-0.6% (Li et al. 2015). Three groups developed similar chemical-
based profiling methods for ¥, termed pseudo-seq, W-seq or PSI-seq, that depend on blocking
of reverse transcriptase at ¥ modifications and permit studies at single-base resolution (Carlile
et al. 2014; Lovejoy et al. 2014; Schwartz et al. 2014a). These methods do not contain a step
for pre-enrichment of W-containing RNAs; thus, enrichment of low-abundance ¥ modifications
is lost. More recently, a method with selective chemical labeling and pre-enrichment was
developed for profiling pseudouridylated RNAs (Li et al. 2015). Another quantitative method
for profiling ¥ sites at true base-pair resolution revealed several hundred ¥ sites (Khoddami et
al. 2019). ¥ sites depend on conserved cognate pseudouridine synthases that are conserved
from yeast to mammals (Schwartz et al. 2014a). Collectively, these studies support the existence
of hundreds to thousands of ¥ sites in mRNA. However, further methodologies for ¥ profiling
with quantification and higher sensitivity are still needed, and the sequencing depth,
bioinformatics algorithms and the cell-dependent context need to be considered for better

confirmation of the presence of W sites on mRNA.
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Guanosine methylation

Guanosines in RNA can also be methylated. N’-methylguanosine (m7G) is installed at the 5’
cap cotranscriptionally during transcription initiation (Cowling 2009). This m7G cap
modification stabilizes transcripts to protect against exonucleolytic degradation and modulates
transcription elongation, pre-mRNA splicing, nuclear export, and translation (Ramanathan et
al. 2016; Song et al. 2020). Recently, some internal m7G modifications were identified in
mRNAs and miRNAs (Pandolfini et al. 2019; Zhang et al. 2019a), and the internal m7G/G level
was found to be approximately 0.002%—-0.05% in mammalian mRNAs (Chu et al. 2018; Zhang
et al. 2019a). It should be noted that detection of mRNA from Escherichia coli or yeast did not
identify any internal m7G modifications (Enroth et al. 2019).

m6A modification

History of m6A discovery

The existence of m6A-methylated messenger RNA was detected in two studies in 1974
(Desrosiers et al. 1974; Perry and Kelley 1974). Shortly thereafter, a study reported that
cytoplasmic simian virus exhibited a relatively large amount of m6A (Lavi and Shatkin 1975).
In 1975, two independent studies also showed that m6A was present in HeLa cell mRNA
(Furuichi et al. 1975) and in mouse myeloma cell RNA (Adams and Cory 1975). In 1978, m6A
was shown to be associated with mRNA instability in HeLa cells (Sommer et al. 1978b). In
1997, m6A was found to be catalyzed by a complex multicomponent enzyme and the subunit
(methyltransferase 3, METTL3) of human mRNA m6A methyltransferase was identified
(Bokar et al. 1997). Later, two groups separately revealed that METTL3 homologs were also
present in yeast and Arabidopsis and that their mutation resulted in specific developmental
arrest (Clancy et al. 2002; Zhong et al. 2008). However, it is not possible to rule out the
possibility that this m6A came from contamination—i.e., that the detected m6A came from
contaminating RNA species such as tRNA, which is also highly modified. In 2012, two
independent studies developed methods of antibody-based immunoprecipitation followed by
high-throughput sequencing to map the m6 A RNA methylome at the whole-transcriptome level
(Dominissini et al. 2012; Meyer et al. 2012). It was found that more than 10,000 m6A peaks

exist in mouse and human mRNAs.

The abundance and functions of m6A on RNA are determined by multiple proteins, namely,

methyltransferases (‘writers'), binding proteins ('readers'), and demethylases (‘erasers'), all of
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which are responsible for dynamic RNA methylation and its functions in posttranscriptional

regulation.

mG6A writers, erasers, and readers

mo6A writers

In addition to the abovementioned METTL3, recent progresses have identified other
components of the m6A methyltransferase complex in mammals. In 2014, several independent
groups described that the m6A methyltransterase complex contains METTL3, METTL14 and
Wilms Tumor 1 Associated Protein (WTAP) as key components (Liu et al. 2014; Ping et al.
2014; Wang et al. 2014b). vir-like m6A methyltransferase associated (KIAA1429), a
component of the methyltransferase complex, was found to be required for methylation
(Schwartz et al. 2014b). Later, m6A formation in the long noncoding RNA X-inactive specific
transcript (Xist), as well as in cellular mRNAs, was reported and m6A formation is mediated
by RNA-binding motif protein 15 (RBM15) and its paralog RBM15B (Patil et al. 2016). Zinc
finger CCCH domain-containing protein 13 (ZC3HI13) also regulates nuclear RNA m6A
methylation as a novel interactor of m6A methyltransferase complex components (Guo et al.
2018; Knuckles et al. 2018; Wen et al. 2018). The structural basis of the METTL3-METTL14
complex revealed that METTL3 primarily functions as the catalytic core, while METTL14
serves as an RNA-binding platform (Wang et al. 2017). Finally, METTL3 was detected to bind
with RNA polymerase II, suggesting that the m6A writer complex is recruited to RNA
polymerase II to induce methylation and that this event occurs cotranscriptionally (Slobodin et
al. 2017). As this thesis was being written, two studies demonstrated that mechanistic target of
rapamycin complex 1 (mMTORCI1) stimulates m6 A mRNA methylation by enhancing WTAP
expression and S-adenosine methionine (SAM) synthesis (Cho et al. 2021; Villa et al. 2021).
Both studies showed that mMTORC1 enhances m6A writer activity upon insulin stimulation (Cho
et al. 2021; Villa et al. 2021). However, it is not clear why so many components are recruited

to the METTL3-METTL14 complex to perform methylation.
mo6A erasers

Fat mass and obesity-associated protein (FTO) and a-ketoglutarate-dependent dioxygenase
alkB homolog 5 (ALKBHS5) are two m6A ‘erasers’ that convert m6A into A. FTO demethylates
m6A in both DNA and RNA in vivo and that FTO knockdown with siRNA led to increased
amounts of m6A in mRNA (Jia et al. 2011). Further discoveries showed that FTO not only

removes m6A but also acts on m6Am and reduces the stability of m6Am-containing mRNAs
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(Mauer et al. 2017). Wei and colleagues confirmed that FTO binds multiple RNA species and
has demethylase activity toward m1A in specific tRNAs, toward m6Am in some snRNAs, and
toward internal m6A and cap-m6Am in mRNA (Wei et al. 2018). Collectively, these results
suggest that RNA demethylation by FTO is a context-dependent mechanism.

In 2013, ALKBHS5 was discovered as the second m6A eraser that oxidatively reverses m6A in
mRNA both in vitro and in vivo (Zheng et al. 2013a). Alkbh5-deficient male mice were found
to have increased levels of m6A in mRNA and impaired spermatogenesis (Zheng et al. 2013a).
ALKBHS5 mediated m6A removal in the nuclei of spermatocytes and modulated the splicing
and stability of long 3> UTR mRNAs in male germ cells and that failure to do so led to aberrant
splicing and production of shorter transcripts (Tang et al. 2018).

mo6A readers

m6A affects the fate of mRNAs by recruiting specific 'readers' to m6A-containing mRNA.
Several m6A reader proteins have been identified that favor m6A probes in mammalian cells.
Five YT521-B homology (YTH) domain-containing proteins were verified to contain m6A-

binding domains: YTHDC1, YTHDC2 and the YTHDF1-3 protein family.

YTHDCI, the nuclear member of the highly conserved YTH protein family, not only is an
m6A-binding protein but also preferentially recognizes GG(m6A)C sequences (Xu et al. 2014).
YTHDCI1 has been linked to promoting mRNA splicing (Xiao et al. 2016; Kasowitz et al. 2018),
Xist-mediated X chromosome silencing (Patil et al. 2016) and facilitating the nuclear export of
mo6A-modified mRNAs (Roundtree et al. 2017b). Recent studies revealed that YTHDCI1
recognizes m6A on chromosome-associated regulatory RNAs in the nucleus and regulates the
fate of m6A-modified RNA transcripts to maintain cellular integrity (Chelmicki et al. 2021;
Chen et al. 2021a; Liu et al. 2021; Xu et al. 2021).

In 2012, YTHDF2 and YTHDF3 were found to bind exclusively to m6A-modified baits
(Dominissini et al. 2012). Later, a study showed that m6A is selectively recognized by
YTHDEF2 to regulate mRNA degradation (Wang et al. 2014a). YTHDF3 facilitates the
translation and decay of m6A-modified RNAs (Shi et al. 2017).

YTHDF1 was initially demonstrated to selectively recognize m6A-modified mRNAs, and
YTHDF1 interacts with the translation initiation machinery and enhances the translation

efficiency of its target RNAs (Wang et al. 2015).
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YTHDC?2 is another cytoplasmic m6A reader that regulates the levels of m6A-modified
transcripts, which ensures proper meiosis in the testes (Bailey et al. 2017; Hsu et al. 2017;
Wojtas et al. 2017). An RNA-activated ATPase fuels the 3'—5' helicase activity of YTHDC?2,
suggesting that YTHDC2 promotes mRNA translation (Dhote et al. 2012; Wojtas et al. 2017).

m6A and histone modifications
moA is deposited on mRNAs that encode histone modifiers and transcription factors to affect
transcriptional regulation. Methylation of RNA occurs in a cotranscriptional manner in the cell

nucleus. Recently, m6A was found to modulate transcription at the chromatin level.

In tomato fruit ripening, mRNA m6A methylation exhibits dynamic changes similar to DNA
methylation and that m6A methylation is associated with decreased expression of the RNA
demethylase gene slalkbh2, which is regulated by DNA methylation (Zhou et al. 2019b). m6A
also preferentially occupies genes with CpG-rich promoters, suggesting that the DNA-

methylated region of m6A host genes may be involved in gene expression (Xiao et al. 2019).

Later, Promoter-proximal RNAP II pausing was found to be regulated by m6A (Akhtar et al.
2020).In addition, m6A was found to be cotranscriptionally deposited under the control of
H3K36me3 for local histone modification (Huang et al. 2019a). Li and colleagues demonstrated
that the methyltranstferase complex METTL3-METTL14 regulates H3K9me2 modification,
and that this repressive histone mark is specifically removed by the induction of m6A-modified
transcripts (Li et al. 2020). Loss of m6A on carRNAs leads to enrichment of the active histone
marks H3K4me3 and H3K27ac, which results in open chromatin at carRNA loci (Liu et al.
2020a).

Firstly, our group showed that m6A modification is detectable on the majority of RNA:DNA
hybrids to safeguard genomic stability (Abakir et al. 2020). Later, these results have also been
validated by other studies, m6A is involved in R-loop formation and promotes chromatin

stability (Yang et al. 2019; Duda et al. 2021).

m6A in gametogenesis and embryogenesis

Gametogenesis is the process by which diploid cells undergo mitosis and meiosis to produce
haploid cells. Primordial germ cells are the source cells that give rise to gametes—oocytes in
females or spermatozoa in males. The process of sperm production is called spermatogenesis,
while the production of eggs is called oogenesis. During gametogenesis, histone modifications

and the DNA methylation landscape are profoundly remodeled, and these modifications
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contribute to the establishment of germ cells and act as regulatory markers during
embryogenesis (Hou et al. 2016; Stewart et al. 2016). Several aspects of these epigenetic
modifications can be transmitted to offspring (Skvortsova et al. 2018). The process of
gametogenesis is also accompanied by orchestrated waves of gene expression, and
accumulation of specific RNA transcripts generates discrete transcriptomes for the mature
gametes, either eggs or sperm. Recent evidence suggests that RNA modifications in sperm have
an essential role in modulating epigenetic memory in the progeny (Chen et al. 2016). Early
embryo development is driven by deposited maternal RNAs, and these maternal RNAs are
degraded for zygotic genome activation. Only in recent years has the most abundant
modification, m6A, been noted for its role in mammalian gametogenesis and embryogenesis

(Klungland et al. 2016).

Role of m6A in spermatogenesis

Spermatogenesis is the sequence of events occurring in the seminiferous tubules of the testis,
and a diploid spermatogonium (plural: spermatogonia) produces haploid spermatozoa—i.e.,
sperm. In the first phase, spermatogonia start with mitotic division, divide by mitosis to renew
themselves and differentiate to produce primary spermatocytes. Meiosis I is the process by
which a primary spermatocyte produces two secondary haploid spermatocytes. These
spermatocytes undergo the second meiotic division to produce four round haploid spermatids.
After meiosis II, and by the end of this process, spermatocytes become haploid spermatids.

Round spermatids undergo remodeling and differentiation into mature spermatozoa.

Single-cell sequencing data revealed that m6A regulators are expressed during spermatogenesis
(Figure 2) (Green et al. 2018; Wang et al. 2018). Many m6A regulatory enzymes display testis-
specific expression patterns during spermatogenesis; based on their RNA expression, m6A
regulators are classified into four main expression patterns: high expression only during mitotic
stages (Hnrnpa2bl, Hnrnpc and Eif3a); high expression only during meiotic stages (Ythdcl);
high expression during both mitotic and meiotic stages (4/kbh5, Cbll1, Mettl14, Mettl16, Virma,
Ythdc2, Ythdf2 and Zc3hi13); and low expression throughout spermatogenesis (Fto, Mettl3,
Mettl5, Rbm15b, Rbm15, Wtap and Zcchc4) (Begik et al. 2020). Writer, reader, and eraser m6A
regulators (VIRMA, YTHDC2, YTHDF2, ALKBHS, METTL14, and METTL3) are highly
expressed in spermatogonia, suggesting important roles for RNA modifications in sperm

development and maturation (Begik et al. 2020).

Germ cell-specific inactivation of the m6A RNA methyltransferase METTL3 or METTL14

results in dramatically decreased m6A levels and a reduced number of spermatogonial stem
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cells due to a significant decrease in translational efficiency (Figure 2) (Lin et al. 2017). Double
knockout of METTL3 and METTL14 in advanced germ cells also led to impaired and abnormal
spermiogenesis (Lin et al. 2017). METTL3 was essential for male fertility and spermatogenesis
in germ cell-specific Mett/3-knockout mice and that Mettl3 ablation severely inhibited
spermatogonial differentiation and prevented the initiation of meiosis (Xu et al. 2017). In a
zebrafish study, sperm maturation and sperm motility were found to be significantly reduced in

Mettl3 mutant male fish (Xia et al. 2018).

ALKBHS is a mammalian RNA demethylase that catalyzes the removal of m6A, and m6A
removal catalyzed by ALKBHS was shown to impact mouse spermatogenesis (Figure 2)
(Zheng et al. 2013b). Alkbh5-deficient male mice exhibited increased mRNA m6A levels and
impaired fertility, which resulted in apoptosis that affected meiotic metaphase-stage
spermatocytes (Zheng et al. 2013b). ALKBHS is abundant in mitotic and meiotic male germ
cells and that ALKBHS5-mediated m6A removal in the nuclei of spermatocytes and round
spermatids is crucial for correct splicing and stability of mRNAs (Tang et al. 2018). Huang and
colleagues found that meclofenamic acid specifically inhibited FTO demethylase activity in
spermatogonia; FTO regulates proliferation and cell cycle progression in spermatogonia

through its m6A demethylase activity (Figure 2) (Huang et al. 2019c¢).

mo6A readers are essential for male fertility in mice (Figure 2). The most studied protein is
YTHDC2, which was found to be essential for mouse meiosis in the context of spermatogenesis
(Bailey et al. 2017; Hsu et al. 2017; Wojtas et al. 2017; Jain et al. 2018). Ythdc2-knockout mice
are infertile and have significantly smaller testes than Ythdc2 wild-type mice, and YTHDC2
binds with MEIOC (Meiosis Specific With Coiled-Coil Domain) to regulate the levels of m6A-
modified transcripts to ensure proper meiotic progression (Hsu et al. 2017; Jain et al. 2018).
YTHDC?2 facilitates the transition from mitosis to meiosis in mouse germ cells, and Ythdc2-
deficient male germ cells can enter meiosis but have an ambiguous identity and fail to express
many meiotic markers (Bailey et al. 2017). In addition, studies have suggested that YTHDC2
enhances the translation efficiency of its m6A-modified targets and decreases their mRNA
abundance and that YTHDC?2 ablation causes upregulation of m6A-enriched transcripts (Hsu
et al. 2017; Wojtas et al. 2017). In contrast to YTHDC2, YTHDCI is expressed in the nucleus
of cells, and testes from Ythdcl-knockout males were found to completely lack germ cells,
including mitotic spermatogonia, and exhibit a sertoli-cell-only phenotype, revealing that
YTHDCI is essential for spermatogonia survival (Kasowitz et al. 2018). Male Ythdf2-knockout

mice are fertile, with no observed impact on spermatogenesis, suggesting that the YTHDF2-
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mediated regulatory m6A RNA pathway is not important for meiosis in mice (Ivanova et al.
2017). RNA-seq data showed that Ythdf] and Ythdf3 are mainly expressed in spermatogonia,
while Ythdf2 is expressed both in spermatogonia and in spermatocytes (Green et al. 2018).
Immunostaining of seminiferous tubules also verified that YTHDF1 is expressed in
spermatogonia, while YTHDEF2 is expressed in a later stage (Lasman et al. 2020c). Triple
knockout of Ythdf1-3 revealed a redundancy in these readers’ role during early development,
and Yzhdf2 has a dominant role that cannot be compensated by Yzhdf1 or Ythdf3 (Lasman et al.
2020c). Zebrafish with loss of Ythdf2 and Ythdf3 developed healthy testes and were fertile at
rates similar to wild-type zebrafish, suggesting that the function of YTHDF1-3 is redundant
during zebrafish development (Kontur et al. 2020).
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Figure 2. Proteins that have been reported to have roles during spermatogenesis. These proteins have

been reported as moOA readers, writers, or erasers in some specific stages. The figure is from (Lasman et al. 2020a).
Role of m6A in oogenesis

Oogenesis is the process by which egg cells are produced in the ovaries. During oogenesis,
primordial germ cells undergo a meiotic program to produce functional oocytes. In oogenesis,

an oogonium forms during embryological development and mitotically produces approximately

1-2 million primary oocytes by the time of birth. Starting at adolescence, several primary
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oocytes enter meiosis [ and pause at prophase I in the germinal vesicle (GV) stage. Under the
influence of periodic hormone secretion, primary oocytes re-enter meiosis I, producing
secondary oocytes and polar bodies. Until fertilization, primary oocytes continue through

meiosis II and generate second polar bodies and fertilized eggs—zygotes.

Oocytes are stored with RNA species, which indicates the sustainability of the protein-coding
capacity in the early embryo. During the MZT transition, maternal transcripts are cleared from
the embryo, whereas zygotic transcripts gradually accumulate. Strong evidence indicates that
m6A modification contributes to the destabilizing effect of m6A-modified mRNAs (Zaccara et
al. 2019). Considering that maternal mRNA clearance is an essential and dynamic process
during MZT and that m6A is the most prevalent internal mRNA modification, it is believed that
mo6A plays critical roles in maternal RNA degradation (Figure 3) (Sha et al. 2019; Vastenhouw
etal. 2019).

Early works showed that m6A is essential for proper meiosis in yeast (Schwartz et al. 2013). It
is fascinating to explore the effects of m6A on RNA metabolism and its roles in maternal RNA
degradation during oogenesis. The first study showed that m6A-dependent RNA decay
regulates maternal mRNA clearance during MZT in zebrafish, highlighting the critical role of
m6A mRNA methylation in the early stages of embryogenesis (Zhao et al. 2017b). Later,
Ivanova et al. revealed that the m6A reader YTHDEF2 is essential for the regulation of the
maternal transcriptome and oocyte competence in mice (Ivanova et al. 2017). Another study
confirmed that YthdfI-knockout and Yrhdf3-knockout mice are as fertile as their control
counterparts, while in female Ythdf2-knockout mice, the oocytes show a normal morphology
and can be fertilized, but the mice are sterile (Lasman et al. 2020c). Regarding nuclear m6A
readers, Ythdc2-knockout mice are infertile and have significantly smaller ovaries; in addition,
after the mitosis-to-meiosis transition, the oocytes cannot develop beyond the zygotene stage
(Bailey et al. 2017; Hsu et al. 2017; Wojtas et al. 2017). YthdcI-deficient oocytes are blocked
at the primary follicle stage and lead to massive deficiency in alternative splicing (Kasowitz et

al. 2018).

In zebrafish, Mett/3-knockout fish are viable, but Mett/3 knockout leads to failed gamete
maturation and to significantly reduced fertility (Xia et al. 2018). In mice, Mett/3 knockout is
embryonic lethal, by utilizing small interfering RNAs or morpholinos to knock down METTL3
in fully grown germinal vesicle (GV) oocytes (Sui et al. 2020). Knocking down METTL3 in
female germ cells severely inhibited oocyte maturation and led to defects in MZT (Sui et al.
2020). Conditional Mettl3 knockout in the ovary was found to have a major effect on oocyte
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development and ovarian morphology, and female mice with this genetic alteration were sterile

(Lasman et al. 2020c).

Despite these findings, more studies are required to fully understand the mechanisms of
oogenesis and early embryo development. The very small amount of RNA isolated from
oocytes and early embryos excludes the possibility of performing MeRIP-seq/m6A-seq to
determine the topology of the RNA methylomes (Geula et al. 2015b; Ivanova et al. 2017). We
developed a method to map the “m6A code” at the ultra-low/single cell level, which could
reveal the roles of m6A modification in early mammalian embryogenesis, as presented in this

thesis.
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Figure 3. Proteins that have been reported to have roles during oogenesis. These proteins have been reported

as mOA readers or writers in some specific stages. The figure is from (Lasman et al. 2020a).

m6A in stem cell and preimplantation embryo development

Embryonic stem cells (ESCs) are derived from the inner cell mass of blastocysts, structures
formed during the early stage of preimplantation embryo development. They are able to
differentiate into all three primary germ layers: ectoderm, endoderm and mesoderm. Several
studies have highlighted that m6 A modifications on RNAs play crucial roles in controlling stem
cell self-renewal and differentiation (Figure 4) (Batista et al. 2014; Wang et al. 2014b; Aguilo
et al. 2015; Liu et al. 2020a; Chelmicki et al. 2021; Liu et al. 2021; Xu et al. 2021). In 2014,
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Batista et al. found that genetic inactivation or depletion of mouse and human Mettl3 led to
m6A removal from selected target genes, prolonged Nanog expression, and impaired ESC exit
from self-renewal toward differentiation into several lineages (Batista et al. 2014). Wang Y. et
al. demonstrated that knockdown of Met#/3 and Mettl14 led to a lack of m6A RNA methylation
and loss of ESC self-renewal capability; their knockdown also inhibited the expression of
pluripotency genes and promoted the expression of developmental regulators (Wang et al.
2014b). Geula et al. showed that Mett/3 knockout in naive embryonic stem cells depleted m6A
in mRNAs and failed to adequately terminate the naive state of these cells, which led to early
embryonic lethality (Geula et al. 2015b). Recently, METTL3 was discovered to deposit m6A
modifications on carRNAs, that YTHDCI facilitates the decay of a subset of these m6A-
modified carRNAs, and that knockout of the m6A writers Mettl3 or Ythdcl in ESCs increases
chromatin accessibility and activates transcription in an m6A-dependent manner (Liu et al.
2020a). In addition, several recent studies identified m6A as an epigenetic mechanism to repress
endogenous retroviruses (ERVs): m6A methylation specifically represses ERVs in ESCs to
maintain cell integrity and further control histone 3 lysine 9 (H3K9) trimethyltransferase
activity, revealing a mechanism of heterochromatin regulation in mammals and highlighting an
essential role for m6A in chromatin modification and retrotransposon repression (Chelmicki et

al. 2021; Liu et al. 2021; Xu et al. 2021).

As mentioned in the previous section, maternal transcripts are cleared from the embryo,
whereas zygotic transcripts gradually accumulate. The mechanism by which mo6A is
accompanied by the degradation of maternal RNA and is cotranscriptionally deposited on newly
synthesized RNA during zygotic genome activation (ZGA) is elusive (Figure 4). Notably,
immunofluorescence (IF) staining showed that the m6A signal was mainly localized in the
cytoplasm during mouse oocyte maturation and embryonic development (Sui et al. 2020).
Knocking down Mett/3 in female germ cells severely inhibited oocyte maturation and led to
defects in MZT in preimplantation embryos. Knockdown of hnRNPA2/B1, an RNA-binding
protein involved in splicing, increased the m6A intensity, which resulted in delayed embryonic
development after the 4-cell stage and blocked further development (Kwon et al. 2019). Loss
of YTHDF?2 results in failure to regulate the degradation of maternal mRNAs, thus impeding
zygotic genome activation in mice (Ivanova et al. 2017). Immunostaining showed that
YTHDCI1 localized to the nucleus in preimplantation embryos and that loss of YTHDCI1
resulted in embryonic lethality (Kasowitz et al. 2018). Recent studies also reported that the
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moOA readers IGF2BP1/2 may be involved in the regulation of mRNA stability in ZGA as m6A
readers (Liu et al. 2019b; Hao et al. 2020).

However, as mentioned above, it is not feasible to perform MeRIP-seq/m6A-seq to determine
the topology of RNA methylomes in preimplantation embryos due to the scarcity of early
embryos. Ultra-low input or even single-cell m6A methylome profiling methods are needed to
build on current foundations; these approaches would provide insights into how mo6A is

established in the early embryo.
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Figure 4. m6A modification-related proteins in embryonic stem cell and preimplantation embryo
development. These proteins have been reported as m6A readers, writers, or erasers in some specific stages. The

figure is from (Zhang et al. 2020).

mO6A detection methods

m6A antibody-based detection methods

The first anti-m6A antibody was characterized in 1977 and was employed to pull down m6A-
containing oligonucleotides from tRNA (Munns et al. 1977). m6A-methylated RNAs were first
immunoprecipitated (IPed) and sequenced by next-generation sequencing (MeRIP-Seq/m6A-
seq) in 2012 (Figure 5); this was the first time that m6A on mRNAs was mapped in a
transcriptome-wide manner. Polyadenylated RNA isolated from total RNA was fragmented into
~100-200 base pair oligonucleotides, small fractions were aliquoted as the input RNA prior to
m6A immunoprecipitation, and the fragmented RNAs were immunoprecipitated using an anti-
mo6A antibody. The immunoprecipitated RNA and input control fragments were subjected to
library preparation and massively parallel sequencing. Reads were uniquely mapped to a
reference transcriptome containing a single, intron-free splice variant for each gene. Reads from

the [Ped samples clustered as distinct peaks, while enrichment of reads in these regions was not
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observed in the non-IP control sample. This analysis identified ~12,000 putative m6A sites in
the mouse liver and ~7,000 m6A sites in the human brain. Both studies found that the
significantly enriched motif was DRACH (D= A, G,or U; R=Gor A; H= A, C or U). After
that, MeRIP-Seq/m6A-seq methods were widely used to study the role of m6A modification in
various diseases. Despite its power, this approach has limitations. First, its resolution is limited
by the fragment size of the RNA used for immunoprecipitation—typically 100-200 nt, and it
is not feasible to localize the precise m6A sites within the ‘peaks’. Second, antibody specificity
needs to be assessed before immunoprecipitation, and nonspecific antibodies bring up the issue

of false-positive peaks.
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Figure 5. Flowchart of the MeRIP-seq/m6A-seq protocol. ab, antibody; nt, nucleotide. IP, immunoprecipitation.
The figure is from (Dominissini et al. 2012). RNAs containing m6A are fragmented and immunoprecipitated by
mixing the RNAs with anti-m6A antibody-coupled Dynabeads. m6A-containing RNAs are then eluted from the
antibody-coupled beads and subjected to library construction. The resulting highly enriched m6A RNA pool is
subjected to next-generation sequencing and mapping. The legend is adapted from (Meyer et al. 2012).

Later, an optimized protocol was reported; this protocol decreased the required mRNA starting
material from 400 pg of poly(A)+ mRNA to 5 pg, increased the resolution by decreasing the

fragment size to 70~90 nt, employed a ligation-based strand-specific library preparation
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protocol capturing both ends of the fragmented RNA, and allowed the removal of false-
positives by using strains expressing inactivated m6A writer enzymes as negative controls. This
optimized protocol revealed a conserved, widespread, dynamic mRNA methylation program in

yeast meiosis at nearly single-nucleotide resolution (Schwartz et al. 2013).

To increase resolution, the strategy of photocrosslinking-assisted m6A-seq was developed
(Chen et al. 2015b). 4-Thiouridine (4SU) is incorporated into newly synthesized mRNA in
place of U in in vitro cell culture, and after the m6A-IP process, the sample is irradiated with
365 nm UV light, which causes 4SU to crosslink with nearby anti-m6A antibodies. The
crosslinked RNA is digested into fragments of approximately 30 nt using RNase T1, and the
4SU crosslink is read as a C base in sequencing. This method maps m6A modifications at a

resolution of up to 23 nt.

In 2015, two approaches—miCLIP and m6A-CLIP—were developed (Ke et al. 2015; Linder
et al. 2015); in these approaches, without 4SU feeding, direct UV-induced RNA-protein
crosslinking is performed after IP, and this crosslinking causes unique C-T transition signatures
neighboring m6A marks, which are used to map methylation across the transcriptome at single-

nucleotide resolution (Figure 6).

AntiimBA UV254
}—_ = l
y '—\:A;y . ::\‘-:’,t; ’ :—:\H—";& » :ﬂ
S R W
- . PrcteinaseKl
CTAGGACTCGT

CTAGGACTCGT ——  iCLIP library pre
CTA: TCGT — andryp pq— M or 1‘/ —

CTAGGA%%SS% +— sequencing

) Reverse
C—T transition ~ Truncation .o nscription

Figure 6. The miCLIP protocol. Purified cellular RNA is fragmented and incubated with anti-m6A antibodies.
After crosslinking with UV light (254 nm), covalently bound antibody-RNA complexes are recovered by protein
A/G affinity purification and subjected to SDS—PAGE and nitrocellulose membrane transfer. RNA is then released
from the membrane by proteinase K and reverse transcribed. Peptide fragments that remain on the RNA lead to
nucleotide incorporation errors (indicated as ‘C—T transition’) and cDNA truncations. The figure and legend are

from (Linder et al. 2015).

Although the above antibody-based detection methods provide significant insights into m6A
mapping, methods to quantify the methylation level in a stochiometric manner are lacking. In
2016, m6A-level and isoform-characterization sequencing (Figure 7) (m6A-LAIC-seq), which
globally quantifies the proportion of m6A-modified transcripts, was developed (Molinie et al.
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2016b). The protocol is similar to that of m6A-seq, but it omits the fragmentation step and maps
full-length transcripts in both the flowthrough (m6A-negative) and the immunoprecipitated
(m6A-positive) portions of anti-m6A IP. A spike-in is added as an internal control for strict
quantification. The m6A levels in each gene is quantified as the RNA abundance ratio: (eluate)
/ (eluate + supernatant). It is important to note that this method cannot distinguish the exact

methylation status at an internal m6A site at a specific position.

As mentioned above, the major drawback of antibody-based m6A mapping has been the
requirement for a large amount of material for effective immunoprecipitation and sequencing.
This limitation has hampered application to targets with few cells, such as mammalian oocytes
and early embryos, small tissue biopsies, and rare stem cell populations. With the development
of advances in library preparation, some studies have reported that optimized low-input m6A-
seq protocols can profile the m6A methylome using as little as 500 ng of total RNA (Merkurjev
et al. 2018; Zeng et al. 2018).

In our laboratory, we made a substantial breakthrough in antibody-based m6A mapping. In
paper I and paper II of this thesis, we initially describe transcriptome-wide single-cell m6A
mapping (we termed this approach scMeRIP-seq). Methylated RNA was immunoprecipitated
with an anti-m6A antibody prior to single-tube library construction and sequencing with a high-
throughput DNA sequencer. This technique is an easy, robust and reliable technique to map

mo6A at the single-cell level opening up new avenues for epitranscriptomic study.
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selected RNA containing m6A is immunoprecipitated by mixing the RNA with m6A antibody-coupled Dynabeads
directly without RNA fragmentation. After immunoprecipitation (IP), the supernatant fraction is collected. RNAs
are then eluted from the antibody-coupled beads. Both the eluted IP and supernatant fractions are subjected to
library construction. After next-generation sequencing and mapping, the m6A levels in each gene is quantified as
the RNA abundance ratio: (eluate) / (eluate + supernatant). The figure and legend are adapted from (Molinie et al.
2016b).

m6A antibody-free detection methods

The MazF toxin is an ACA-sequence-specific endoribonuclease in Escherichia coli. In 2017, a
lab found that MazF cleaves RNAs at 5'-ACA-3' sequences but not at the methylated 5'-
(m6A)CA-3" counterpart sequences (Imanishi et al. 2017). Based on the specific cleavage
ability of the MazF RNase, two groups developed MAZTER-seq (Garcia-Campos et al. 2019)
and m6A-REF-seq (Zhang et al. 2019b). Both protocols follow common steps: digestion of
mRNA with MazF, followed by library preparation and high-throughput sequencing (Figure
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8). The number of reads at cleavage sites is quantified to calculate the difference between cut
and uncut reads. These methods also have limitations; given the requirement of an ACA motif
for MazF cleavage, they identify only a subset of m6A sites, which constitutes ~16% of the
m6A (only ACA-containing) sites in the mammalian system. These methods do not allow

absolute quantification, although the authors claimed quantitative tracking of
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Figure 8. Outline of the MAZTER-seq experimental procedure. (1) poly(A)-selected RNA and DNAse-treated
RNA. (2) digestion of mRNA with MazF. (3) end repair, ligation of an adapter to the 3" end of the resulting RNA
fragments, and reverse transcription primed from the ligated adapter. (4) ligation of a second adapter to the 3’

end of the cDNA, cDNA amplification by PCR, and paired-end sequencing. (5) read mapping and identification
and quantification of methylation sites. The bacterial RNase MazF cleaves RNA at unmethylated sites at ACA

motifs but not at their methylated counterparts. The figure and legend are adapted from (Garcia-Campos et al.
2019).

mo6A in diverse biological settings, and their utility depends on the specificity and efficiency of
the cleavage enzyme. In addition, the insert size in the sequencing libraries can introduce bias

into the results.

In 2020, a metabolic labeling-based m6A detection method called ‘m6A-label-seq’ was
developed (Figure 9) (Shu et al. 2020). The N6-methyl group of m6A does not interfere with

reverse transcription (RT) when paired to thymine, which is the main obstacle to developing an
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RT-based detection method similar to those for other modifications. SAM, a cofactor of
methyltransferase, transfers its methyl group to the N6 position of adenines in mRNA. In this
study, the authors fed cultured cells Se-allyl-L-selenohomocysteine, which substitutes the
normal methyl group of SAM with the allyl group. This allyl-substituted cofactor, catalyzed by
the m6A methyltransferase METTL3-METTL14 complex, replaces the original mRNA m6A
site to generate NS-allyladenosine (a6A). Cellular metabolic a6A-labeled RNAs are then
enriched with an anti-N6-isopentenyladenosine antibody. These a6A locations are

distinguished based on misincorporation during reverse transcription to cDNA.
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Figure 9. The workflow of m6A-label-seq. Cellular mRNA m6A labeling, RNA enrichment, chemical treatment,
cDNA library construction, and high-throughput sequencing. The figure and legend are from (Shu et al. 2020).

At the same time, an FTO-assisted chemical labeling method termed m6A-SEAL-seq was
developed for specific m6A detection (Figure 10) (Wang et al. 2020). FTO oxidizes m6A to
the more stable N°-dithiolsitolmethyladenosine (dm6A), which enables the conjugation of
biotin-labeled tags to dm6A, thereby facilitating affinity purification without the need for an
anti-mo6A antibody. It is noted that the resolution of m6A-SEAL-seq is comparable to that of
MeRIP-Seq/m6A-seq (~200 nt).
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m®A-SEAL-seq pipeline. The figure and legend are from (Wang et al. 2020).

During the writing of this thesis, meCLICK-seq was developed (Figure 11) (Mikutis et al.
2020a); in this method, RNA methyltransferase activity is hijacked to introduce a SAM cofactor
surrogate (SeAdoYn) to form a propargyl (alkyne-tagged) modification on an RNA substrate
in cultured cells. The subsequent copper(I)-catalyzed azide—alkyne cycloaddition reaction with
the click degrader leads to RNA cleavage and degradation. After that, RNAs are extracted and
sequenced. The harnessing of click chemistry for the degradation of m6A sites provides a clever
and simple way to detect m6A in a transcriptome-wide manner. However, only synthetic
oligomers are used for in vitro studies, lacking some evidence for application in transcriptome-

wide detection of m6A in noncultured cells.

Gene editing-based detection methods

APOBECI is a zinc-containing cytidine deaminase that induces cytosine-to-uracil (C-to-U)
editing (Navaratnam et al. 1993). It has been used in CRISPR—Cas9-based genome editing to
induce C-to-U conversion at sites in DNA (Komor et al. 2016). In 2019, a lab used APOBEC1
to edit m6A-adjacent cytidines in RNAs by fusing APOBECI to the m6A-binding YTH domain.
APOBECI-YTH expression in cells induces C-to-U deamination at sites adjacent to m6A
residues, and total RNA is extracted and subjected to RNA-seq; this method is named DART-

seq (Figure 12) (Meyer 2019b). The researchers demonstrated that DART-seq can detect m6A
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sites in cultured cells from 10 ng of total RNA. However, APOBEC1-YTH overexpression may
not be suitable or desirable in some studies, hampering the utility of this method. For example,
it cannot be used with materials without editing, although the researchers showed that DART-
seq also identified m6A sites in vitro but showed reduced efficiency and needed further
optimization. The findings also indicated that DART-seq has high false-negative and false-
positive rates because of off-target effects (Wang et al. 2020).
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Figure 11. meCLICK-Seq. A small molecule-based method for global detection of RNA methylation by click
degradation. meCLICK-Seq involves just two cell culture treatment steps. In the first step, cells are incubated with
the methionine surrogate PropSeMet. Cells take up the methionine surrogate, and native methionine
adenosyltransferases transform it into SeAdoYn, an S-adenosyl methionine (SAM) surrogate. RNA
methyltransferases (MTases), including METTL3 and METTL16, use SeAdoYn as a cofactor instead of SAM,
which leads to the addition of propargyl instead of methyl groups onto RNA. A Cu(I)-catalyzed azide—alkyne
cycloaddition reaction is then carried out directly in cultured cells to tag RNA with a click degrader, which acts as
a functional artificial RN A modification that catalyzes the cleavage of RNA and leads to its degradation. The final
step is RNA extraction followed by sequencing. The figure and legend are adapted from (Mikutis et al. 2020b).
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Figure 12. Schematic of the DART-seq method. APOBECI is fused to the YTH domain to guide C-to-U editing
at cytidine residues adjacent to m6A sites. APOBECI1-YTH is expressed in cells, and total RNA is isolated and
subjected to RNA-seq. C-to-U mutations are then detected to identify m6A sites. The figure and legend are from
(Meyer 2019Db).

Direct RNA detection methods

The current m6A detection methods have many limitations; for example, antibody-based
detection methods are highly dependent on antibody specificity, while enzyme-assisted
detection methods rely on enzyme efficiency and preference motifs. For library preparation,
some methods use high-throughput sequencing with short read lengths, and the inefficient
processes of reverse transcription and amplification can introduce biases into the final library.
Third-generation sequencing (TGS, also called long-read sequencing) does not require sample
amplification and can be used for single-molecule sequencing. There are two commercial third-
generation DNA sequencing technologies, Single Molecule Real-Time (SMRT) sequencing
(Pacific Biosciences (PacBio)) and Oxford Nanopore Technologies (ONT) sequencing. In
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SMRT sequencing, DNA polymerases catalyze the uninterrupted incorporation of fluorescently
labeled deoxyribonucleoside triphosphates into the complementary template, light is emitted,
and the optical signal is measured in real time until the reads are extended to tens of kilobases.
ONT sequencing detects single molecules as they traverse through a nanopore; each nucleoside
produces a unique voltage and induces different currents, allowing nucleosides to be

distinguished by current alterations.

In 2013, PacBio showed that phospholinked nucleotide binding was affected by m6A in the
RNA template and that reverse transcription signals could be monitored in real time by the
difference between m6A and A (Figure 13) (Vilfan et al. 2013). In ONT sequencing, m6A
modifications on RNA cause a detectable current blockade within the nanopore that can be
measured (Figure 14) (Garalde et al. 2018). Thus, the m6A signal is revealed in the ONT single-

molecule reads.

Phospholinked [|[}
HIVRT Nucleotide Nucleotide
Binding Binding Incorporation
—~——— ~_~— —_—
Dissociation Dissociation
RNA Template 3’ -GGUGAAAAAUAUAGAUAUCGCGCGAGUCAGUCAGUCAGUCAGUC-5"
DNA Primer + cDNA 5’ -CCACTTTTTATATCTATAGCGCGCTCAGTCAGTCAGTCAGTCAG-3'

Figure 13. Analysis of RNA base modification and structural rearrangement by single-molecule real-time
detection of reverse transcription. The RNA template (purple) is hybridized to a biotinylated DNA primer
(orange) and immobilized at the bottom of the ZMW (I). Reverse transcriptase (RT, gray) binds to the immobilized
hybrid (II). Upon initiation of reverse transcription, a correctly base paired phospholinked nucleotide binds in the
enzyme’s active site (III). The bound nucleotide can either dissociate from the complex (reverse reaction) or
become incorporated into the growing DNA chain, accompanied by release of the labeled pyrophosphate (IV).
HIV RT then translocates to the next position, and the reaction cycle (II) through (IV) repeats. The figure and
legend are from (Vilfan et al. 2013).
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Figure 14. Schematic of direct detection of m6A modification by nanopore sequencing. Oxford Nanopore
Technologies' nanopore-based platform detects single molecules of DNA, proteins and small molecules as they
traverse through a nanopore. By monitoring current changes, the four biogenic RNA nucleobases and various
modified bases, including I, m®A, and m°C, can be distinguished. The figure and legend are from (Zheng et al.
2020).

However, neither method is mature or widely used, and there are many unsolved challenges in
the application of direct RNA sequencing for m6A detection. For example, the enzymes and
chips used in PacBio machines are not commercially available. For ONT sequencing, m6A is
not included in the training data for nanopore base-calling software, and an efficient and
accurate RNA modification detection algorithm is lacking. A large amount of material is
required for input, and when the RNA availability is limited (as it often is), it severely affects
the applicability of this technology to rare biological samples. To date, there has been only one
study extending nanopore m6A detection to yeast datasets, and the researchers observed that
m6A RNA modifications were lacking in yeast ime4-knockout strains (Liu et al. 2019a). More
studies are needed to achieve a high accuracy of RNA modification detection with TGS
technology and decrease the amount of input material required for RNA modification detection

because RNA availability is often limited in some research settings.
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Limitation and perspectives

Research into the development of m6A methodology is rapidly progressing, and taking
advantage of sequencing techniques has increased our capability to identify m6A in a
transcriptome-wide manner. In Table 1, the detection methods for m6A modification are
compared comprehensively in terms of material requirements, protocol time, sensitivity, etc.
Despite these findings, understanding the biological impact of m6A modification still presents

several conceptual challenges.

A gold standard mapping method should yield accurate and quantitative information about m6A
from the transcriptome. In addition, the whole protocol should be simple and easy for
researchers who investigate m6 A modification in different cellular and environmental contexts.
Moreover, the techniques should be able to be performed with reasonable sequencing costs and

effort.

The current m6A detection methods use large cell populations, which hinders their application
to rare and precious cell populations. Single-cell m6 A mapping is anticipated to reveal not only
quantitative expression differences but also dynamics in cell lineage origin and new subtypes.
In this thesis, we developed single-cell MeRIP-seq (scMeRIP-seq), which is an antibody-based
method for mapping mo6A in a transcriptome-wide manner. The material we used was single
mouse oocytes, whose RNA content is ten times higher than that of single somatic cells. In the
future, it will be possible to optimize the sonication step, use automatic equipment and introduce
a combinatorial indexing strategy to achieve a highly scalable assay for m6A methylation

profiling of single somatic cells.

In addition, determining how many m6A modifications occur in the same transcripts and
quantifying the stoichiometry is always in demand among the epitranscriptomic community.
Methods allowing absolute quantification and determination of the correct m6A stoichiometry

are anticipated to become pivotal tools for determining the roles of m6A modification in RNAs.
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Table 1. The current detection methods for m6A modification

Technique

MeRIP-sea/
m6A-scq

PA-m(’A—seq

m®A-CLIP/IP

miCLIP

mPA-LAIC- seq

MAZTER-seq

m6A—REF—seq

DART-seq

m6A-SEAL-

seq

m®A-label-
seq

meCLICK-
seq

SMRT

Nanopore

DRS

Starting material Main technique Resolution T"Pe
required
Any sample IP by 1n6A 100-200 nt Long
antibody NGS
Cells pre-cultured in IP by m°A >23 nt Long
4SU medium
antibody
Photo-
crosslinking
NGS
6
Any sample LS b.y meA I nt Long
antibody
Photo-
crosslinking
NGS
6
Any sample s b?/ mA 1 nt Long
antibody
Photo-
crosslinking
NGS
6
Any sample Ip b_y mA 1500 nt Long
antibody
NGS
MazF digestion
1 nt (Only .
Any sample RT-qPCR or ACA motif) Medium
NGS
MazF digestion 1 nt (Only
Any sample Medium
FTO digestion ~ ACA motif)
NGS
Gene editing
APOBECI-YTH Cell transfection 10nt Long
expression cells NGS
FTO-assisted
Any sample chemical 100-200 nt Long
labeling
NGS
Cells pre-cultured in Metabolite
allyl-SeAM medium labeling It Long
NGS
Cells pre-cultured in Metabolite
SAM cofactor Labeling and 1nt Long
surrogate cleavage NGS
Synthetic RNA SMRT I nt Medium
Any sample Nanopore DRS I nt Medium

Initial
quantity
>5ug

mRNA or
>300 pug
total RNA

10pg ploy
(A)- RNA

3 pg ploy
(A)- RNA

20 pg ploy
(A)- RNA

150pg total
RNA
100 ng ploy

(A): RNA

100 ng-200
ng mRNA

1 pg total
RNA
1 g poly(A)

RNA

Sug a%A-
modified

500 ng
mRNA

mRNAs
N/A

1 pg ploy
(A)- RNA

Stoichiometric
RNA type information
mRNA N/A
IncRNA
ploy (A)+ N/A
RNA
ploy (A)+ N/A
RNA
ploy (A)- N/A
RNA
ploy (A)+ Semi-
stoichiometric
RNA

ploy (A)- Stoichiometric
RNA (Only ACA

motif)

MRNA Stoichiometric

(Only ACA
motif)
ploy (A)+ N/A
RNA
mRNA N/A
mRNA N/A
mRNA N/A
Synthetic N/A
RNA
N/A
ploy (A)+
RNA

Sensitivity

Medium

Medium

High

High

Medium

High

High

Medium

Medium

Medium

Reference

Dominissini et al.

(2012); Meyer
etal. (2012)

Chen et al.
(2015)

Ke et al. (2015)

Hawley and
Jaffrey
(2019); Linder
etal. (2015)

Molinie et al.
(2016)

Garcia-Campos
etal. (2019)

Zhang et al.
(2019)

Meyer (2019)

Wang et al.
(2020)

Shu et al. (2020)

Mikutis et al.
(2020)

Vilfan et al.
(2013)

Ayub and Bayley

(2012); Liu et al.,

2019a; Parker et
al. (2020)
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Aims of the study

mo6A, as the most prevalent and well-characterized internal mRNA modification in higher
eukaryotes, has been shown to play crucial roles in RNA splicing, stability, degradation,
localization, transport and translation and is involved in spermatogenesis, stem cell
differentiation, immune regulation, neurodevelopment, carcinogenesis and other processes
(Frye et al. 2018; Zaccara et al. 2019; Barbieri and Kouzarides 2020; Livneh et al. 2020). Since
the first method for transcriptome-wide m6A profiling, —MeRIP-seq/m6A-seq (Dominissini
et al. 2012; Meyer et al. 2012)—was published in 2012, it has been a powerful technique for
transcriptome-wide mapping of m6A sites and has been cited in more than 2000 articles.
However, this method requires 300 pg of total RNA, which restricts its application to limited-
quantity samples. Moreover, this method requires seven days from initiation to library
preparation and next-generation sequencing. These limitations have hindered the application of
MeRIP-seq/m6A-seq to small and rare samples, such as cancer biopsies, nonexpandable
oocytes and early embryos, and even to the study of heterogeneity in single cells. The studies

and results described in this thesis are mainly categorized into three parts:

1. Development of a rapid and efficient ultra-low/single-cell MeRIP-seq method for m6A
profiling in a transcriptome-wide manner in single zebrafish zygotes and single mouse
metaphase II (MII) oocytes and blastocysts.

2. Presentation of the detailed protocol in a 'recipe' style and step-by-step descriptions of
procedures for experimental design, implementation, data analysis and troubleshooting.

3. Application of ultra-low/single cell MeRIP-seq to profile m6A modifications in early

mammalian preimplantation embryos.
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Summary of papers

Paper I: Single-cell MeRIP-seq maps m6A in oocytes and embryos.

In 2012, the first protocol to allow profiling of transcriptome-wide m6A modification was
developed: antibody-based enrichment of m6A-containing RNA fragments followed by
massively parallel sequencing. This method has yielded profound insights into the
understanding of m6A in cellular functions. However, it still does not meet the demands of the
epitranscriptomic community. First, the protocol requires large amounts of RNA samples (=32
ug of total RNA), which hinders its application to limited-quantity samples. Second, the whole
protocol is tedious and time-consuming. These factors have restricted its use in many contexts.
In Paper I, we developed an ultra-low/single-cell m6A detection method, which opened new
opportunities in various studies. For example, it could be applied to analyze cancer biopsies in
potential cancer screening, to study mammalian oocyte maturation and preimplantation embryo
development in reproduction biology and to explore m6A heterogeneity between single cells.
In paper I, we developed our highly sensitive single-cell MeRIP-seq (scMeRIP-seq) approach,
and we showed that picogram-level m6A detection is achievable, as applied to single zebratish
zygotes as proof of principle. Additionally, by applying scMeRIP-seq to bulk MII oocytes,
single MII oocytes and single blastocysts of mice, we found that genes harboring oocyte-
specific or blastocyst-specific m6A sites showed distinct relevant functional enrichment
patterns in mouse oocytes and blastocysts. Furthermore, we demonstrated that scMeRIP-seq is
a powerful approach to not only reveal m6A across mRNA transcripts in single oocytes but also
identify m6A in noncoding RNAs. We first found that m6A was predominantly deposited on
the MTA Mm subfamily of mammalian apparent LTR retrotransposons (MaLRs), providing

uncharted territory for research on the MZT process.
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Paper II:

Transcriptome-wide mapping of N°-methyladenosine via antibody-based immunoprecipitation
and high-throughput sequencing at ultra-low/single-cell resolution.

In Paper II, we described the protocol of ultra-low/single-cell MeRIP-seq, suitable for profiling
limited-quantity cells, for benchtop application in a step-by-step format. Ultra-low/single-cell
MeRIP-seq enables users to measure the transcriptome-wide m6A distribution in any cell type
for which only limited material can be obtained. More importantly, this method allows us to
understand methylomic heterogeneity in the m6A distribution in single cells (i.e., single MII
oocytes in Paper II). Finally, our library preparation protocol was specifically designed to
retain strand-of-origin m6A information, which allowed us to map reads accurately to their

strand of origin.

In summary, methylated RNA is immunoprecipitated with an anti-m6A antibody prior to
single-tube library construction and sequencing with a high-throughput DNA sequencer,
constituting an easy, robust and reliable technique for mapping m6A at the single-cell level.
The whole protocol can be completed within ~4 d from sample collection to data analysis. In
brief, the single-cell MeRIP-seq protocol enables m6A analysis at the single-cell level, which

helps to determine the m6A methylome in rare materials.
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Paper III:
The landscape of m6A in mammalian preimplantation embryos

Currently, there is no work providing information on the m6A landscape of mammalian oocytes
and preimplantation embryos. In Paper I and Paper 11, we developed an ultra-low/single-cell
MeRIP-seq method suitable for the study of even single oocytes. In Paper III, we apply our
low-input methyl RNA immunoprecipitation and sequencing (picoMeRIP-seq) method to map
mo6A in the mouse oocyte and preimplantation embryo transcriptomes. We show that the m6A
landscape is highly dynamic during the maternal-to-zygotic transition. Changes in the m6A
marking are particularly prominent on genes essential for cell fate determination. The vast
majority of stage specifically expressed transcription factors are marked by m6A, and they are
more frequently marked by m6A than other transcripts. Maternally-inherited transcripts marked
by m6A and degraded post fertilization are more likely to be targeted by miRNA as compared
to zygotic transcripts marked by m6A. Moreover, RNAs derived from retrotransposons, such
as MTA and MERVL, are marked by m6A in a stage specific manner. Our results provide a
foundation for future studies exploring the regulatory roles of m6A in mammalian early embryo

development.
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Discussion

In this thesis, we described the development, validation, and applications of ultra-low/single-
cell MeRIP-seq for both small cell numbers and single-cell analysis. This method is specifically
designed for transcriptome-wide mapping of mo6A modifications in oocytes and
preimplantation embryos. To develop ultra-low/single-cell MeRIP-seq, we rigorously designed
several critical experimental steps, including ribosomal RNA (rRNA) depletion, RNA
sonication, antibody selection, washing buffer optimization and library construction. We
determined the sensitivity and quantitative accuracy of ultra-low/single-cell MeRIP-seq for
mo6A methylome determination by evaluating it in a mouse liver poly(A)-selected RNA dilution
series. To assess transcriptome-wide performance, we generated m6A methylome profiles from
10 ng, 1 ng and 100 pg of mouse liver poly(A)+ RNA, with two technical replicates per RNA
amount. We found that even when we used an RNA input at the picogram level, we obtained
excellent performance when compared with that observed in previous studies and with our high-
level input, which encouraged us to apply this method to single zebrafish zygotes. The overall
moOA profiles of single zebrafish zygotes were also excellently consistent with those of bulk
zygotes. In addition, by applying ultra-low/single-cell MeRIP-seq to single MII oocytes and
single blastocysts of mice, we identified distinct m6A patterns and deconvoluted stage-specific
RNA m6A methylation profiles in mouse oocytes and blastocysts (Paper I). Next, we described
this ultra-low/single-cell MeRIP-seq method, which is an antibody-based method for
transcriptome-wide mapping of m6A in a step-by-step manner (Paper II). Methylated RNA is
immunoprecipitated with an anti-m6A antibody prior to single-tube library construction and
sequencing by a high-throughput DNA sequencer, constituting an easy, robust and reliable
technique for mapping m6A at the single-cell level. The whole protocol can be completed
within ~4 d from sample collection to data analysis. A major advantage of ultra-low/single-cell
MeRIP-seq is that the method drastically reduces the amount of material required for m6A
profiling. Hence, ultra-low/single-cell MeRIP-seq enabled us, for the first time, to reveal m6A
reprogramming during the oocyte-to-zygote transition and preimplantation embryo
development in mice (Paper III). The IF staining results revealed that high levels of m6A
existed in the oocytes and zygotes and that the signals decreased rapidly in 2-cell embryos and
gradually increased from the 2-cell stage to the blastocyst stage. The methylome results showed
that RNA m6A methylation is controlled in a spatiotemporal manner and participates in the
regulation of preimplantation embryo development. Collectively, the results (i) highlight the

utility of ultra-low/single-cell MeRIP-seq for the analysis of rare cell populations and single
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cells and (ii) provide new insights into the role of m6A during the oocyte-to-zygote transition
and preimplantation embryo development. The other detailed technical aspects of ultra-

low/single-cell MeRIP-seq and novel biological aspects of the work are discussed below.

Technical aspects of the development of ultra-low/single-cell MeRIP-
seq

There are two drawbacks to MeRIP-seq in its application to rare cell samples and single cells.
First, the MeRIP-seq protocol needs at least 9 days for completion from beginning to end. Due
to the lengthy procedures, sample loss is an unavoidable problem for MeRIP-seq, which hinders
its application to low cell numbers and even results in bias in the final library. For
immunoprecipitation from large samples, the basic form is very simple—just conjugate an anti-
moOA antibody to beads, add the beads to the sample, and pull down the target m6A-modified
RNA fragments. However, in MeRIP-seq with single cells or limited samples, there are many
factors that need to be optimized (Paper I & Paper II). Next, the conventional preparation of
RNA libraries requires conversion of the RNA input material into cDNA and utilizes ligation
of either RNA or DNA adapters to the target RNA or DNA molecules. These adapters are
compatible for platform-specific sequencing (Illumina sequencing platforms). Ligation of
adapters is not only time-consuming but also inefficient and requires a large amount of starting
material. Taken together, these hurdles become the main problems when applying this method

to low cell numbers and even single cells.
Signal-to-noise ratio improvement

The scMeRIP-seq approach is similar to chromatin immunoprecipitation sequencing (ChIP-
seq); from a bioinformatic analysis perspective, scMeRIP-seq is also based on global
identification of significant peaks. In addition to the ability to acquire input material without
immunoprecipitation, enriched regions across the genome or transcriptome are identified with
an algorithm. In ChIP-seq, a key consideration and challenge is the signal-to-noise ratio; an
effective signal-to-noise ratio to separate the signal from the background after
immunoprecipitation, library preparation and sequencing is required. Hence, we selected one
positive locus (m6A peak) and one negative locus (no m6A peak) from the initial m6A-seq
paper (Dominissini et al. 2012), and we used qPCR to quantify the signals from the IP and
supernatant fractions, as follows: signal-to-noise ratio = positive locus (m6A peak)/negative
locus (no m6A peak). This method was used in our ChIP-seq experiments to optimize several

factors in single-cell ChIP-seq.
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First and foremost, in ultra-low/single-cell MeRIP-seq, capture of environmental contaminants
is very possible. Environmental contaminants such as cellular, bacterial, fungal, or viral RNA
can be captured due to the nonsterile environment of the working bench. For this reason,
extreme care should be taken to minimize environmental contaminants (e.g., from the air, the
bench, pipettes, tube racks, lab coat sleeves, etc.) and avoid the introduction of contaminants
into reagents from the kit. The following guidelines should be followed to minimize
contamination. First, all experiments were relocated from an open lab bench to a laminar flow
(LAF) cabinet, and the bench and equipment were treated with UV irradiation for sterilization.
Second, we used cold blocks instead of ice, which could possibly introduce contamination, and
all powdered reagents and liquid reagents were prepared in the LAF cabinet. These measures
were critical to successfully perform ultra-low/single-cell MeRIP-seq without contamination.
In addition, we wore gloves and sleeve covers throughout the whole procedure to protect RNA

samples from degradation by any introduced contaminants and nucleases.

For antibody-based immunoprecipitation, first, the antibody was incubated with Dynabeads
Protein A in a tube, and the antibody-coated beads were used for m6A target selection. We
optimized the antibody/bead ratio to avoid the extra surface area accessible for nonspecific
target binding without significant loss of the m6A target. Furthermore, the previous IP
procedure (incubation of antibody-coated beads and m6A-containing RNAs) was performed in
less than 60 minutes, and we increased the incubation time of the antibody-coated beads with

the m6A target to 120 minutes, which yielded increased target capture.

To further reduce nonspecific binding of RNA fragments to the antibody-coated beads, we used
the same stringency of washing steps that was used in our single-cell ChIP assays. These
washing buffers contained higher detergent (SDS) and salt (NaCl) concentrations, displaying
better signal-to-noise ratios not only in the 100 ng input but also in the 10 ng input. The
traditional way to carry out washing steps for m6A analysis is to spin the tube on a rotor for
head-over-tail rotation. This method is time-consuming and inefficient. We changed this
traditional method to rough vortexing at full speed, with four times start/stop cycles to result in
acceleration and deceleration of the tube, which ensured improved exchange of buffer around
the beads and strong currents to remove the nonspecifically bound target. In our test, we found
that we could significantly increase the signal-to-noise ratio by altering the washing method in
both the 100 ng and 10 ng inputs. Compared with the traditional head-over-tail rotation method,

our method reduced the time for four washes to less than 10 minutes. In addition, the washing
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volume is another parameter that needs to be considered in the workflow. In our test, we found

that the volume of the washing buffer did not significantly impact the signal-to-noise ratio.

With advances in tube manufacturing technologies, top-quality polypropylene plastic ensures
nearly 100% recovery of RNA molecules without the need for a surface coating on the tube to
eliminate the risk of sample loss and contamination. Many studies have shown that low-binding
tubes help minimize sample loss during immunoprecipitation with lengthy processing steps.
For larger inputs, it is possible to perform experiments without using low-binding tubes;
however, for ultra-low inputs, it is critical to recover all m6A targets into the final library. We
found that the use of Axygen® MAXYMum Recovery® low-binding tubes significantly
improved the signal-to-noise ratio, as the product information claimed, likely by reducing loss

of RNA to the plastic surface and reducing carryover of nonspecifically bound RNA.

Currently, several polyclonal and monoclonal antibodies that identify m6A have been reported
to specifically target m6A-modified RNA. The success of ultra-low/single-cell MeRIP-seq
depends on the integrity of highly specific antibodies against m6A; however, the specificity of
mo6A-specific antibodies has posed a challenge. Some antibodies are nonspecific due to their
promiscuous detection of m6A sites. We selected three positive loci (m6A peaks) and three
negative loci (no m6A peaks) from the initial m6A-seq paper. The signal-to-noise ratio showed
that the Millipore antibody was consistent with the report in the first m6A-seq paper and was

superior to the other anti-m6A antibodies in terms of the signal-to-noise ratio.

We failed to recover any RNA fragments with the previous metal ion—induced fragmentation
approach, and we reasoned that the time period for chemical fragmentation is difficult to control,
especially for ultra-low/single cell inputs. Based on our previous single-cell ChIP-seq
experiments, we optimized the sonication conditions using a probe sonicator to obtain the
desired fragment sizes. During sonication, RNA samples are subjected to hydrodynamic
shearing by exposure to brief periods of sonication. The periods of time are easy to control,
allowing the production of an ideal RNA fragment size of approximately 100-500 bp, and it is
also tempting to use sonication to avoid overdigestion when compared with chemical
fragmentation. It should be noted that the RNA postfragmentation size distribution can only be
validated by measuring the DNA concentration after library construction, and it is impossible
to measure for ultra-low/single-cell inputs because this low concentration is undetectable by
any instrument. The final library should produce a distribution of DNA fragment sizes centered

on 200~600 nt (library preparation adds 139 bp to the size of the fragmented RNA molecules).
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single-tube rRNA & DNA depletion

rRNAs are extremely abundant, accounting for more than 90% of the total RNA in mammalian
cells. Efficient rRNA removal is important for cost-effective sequencing of RNA samples. After
we optimized the above parameters with mouse poly(A)-selected RNA, we further aimed to
combine current TRNA removal technology with scMeRIP-seq. The currently available
commercial kits for rRNA removal are classified into three distinct types based on removal
strategy. First, rRNA is captured by complementary oligonucleotides that are linked to
paramagnetic beads, after which the bound rRNA is precipitated and removed from the reaction.
Several biotechnology companies provide this type of kit, for example, Illumina’s RiboZero,
Qiagen’s GeneRead rRNA Depletion, and Lexogen’s RiboCop kits. In addition, enrichment of
poly(A) transcripts can be accomplished by strategies using poly(T) paramagnetic beads.
Second, complementary oligonucleotides can also be used with DNA, with hybridization of
rRNA to DNA oligos and subsequent degradation of the RNA:DNA hybrids with ribonuclease
H (RNase H). These kits can be obtained from several companies, for example, NEBNext rRNA
depletion, Kapa RiboErase, and Takara/Clontech’s RiboGone. Third, for some very low input
amounts, it is challenging to remove rRNA from the initial total RNA. Takara provides an
innovative technology allowing the removal of ribosomal cDNA (cDNA fragments originating
from rRNA molecules) after cDNA synthesis using probes specific for mammalian rRNA. This
strategy allows ribosomal cDNA to be removed after library amplification, which makes it
especially well suited for working with very small quantities of total RNA or very small
numbers of cells, even single cells. For DNA removal, DNase treatment is currently the best
way to remove contaminating DNA from RNA samples. This is a simple and safe method for
eliminating DNA contamination from RNA samples without organic extraction or heat
inactivation. We wanted to minimize RNA loss during procedures for the removal of both
rRNA and DNA in living cells; thus, we reviewed all the available commercial kits that include
rRNA and DNA depletion protocols that can be used with intact cells. We found that the cutting-
edge NEBNext® rRNA Depletion Kit, which is compatible with a broad range of input amounts
from 10 ng—1 pg, is the most promising kit. The kit allows depletion of both cytoplasmic (5S
rRNA, 5.8S rRNA, 18S rRNA and 28S rRNA) and mitochondrial (12S rRNA and 16S rRNA)
ribosomal RNA from total RNA preparations. The whole protocol for rRNA and DNA
depletion was performed in a single tube. We performed tests with zebrafish single zygotes,
single MII oocytes and single blastocysts and found that the kit was able to efficiently remove

rRNA, resulting in less than 1% rRNA contamination in the final libraries. We are the first to
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prove that this kit can be applied to single cells. Finally, as a bonus, this kit uses Agencourt

RNACIean XP beads to purify the final RNA while removing all protein contamination.
Other factors in single-cell MeRIP-seq

Antibodies are noncovalently coupled to beads using Dynabeads Protein A. The incubation
time for antibody binding to magnetic beads is a key factor in developing scMeRIP-seq
protocols. Long incubation times are often used to guarantee the binding efficiency. In our test,
we performed antibody-bead incubation overnight. By comparing the final signal-to-noise
ratios, we did not find that the binding efficiency was increased at longer incubation times,
which means that extending the incubation time longer than overnight did not result in further
gain. Considering the temperature sensitivity of the antibody, it should be mentioned that

antibody conjugation to the beads should be performed at 4 °C instead of room temperature.

During antibody-bead incubation, the presence of too many beads can influence the background
level and result in a low signal-to-noise ratio. We validated various antibody-bead ratios and

found that the best ratio was 6.7 pg of antibody/mg of beads for the scMeRIP-seq protocol.

After antibody-bead incubation, the antibody-conjugated beads need to be washed, and the
washing conditions are another factor that needs to be considered. To avoid loss of antibodies
and ensure the highest yield, we selected a gentle wash buffer, i.e., I[P buffer, which will be used

in the next step IP and to avoid introducing other unwanted impurities and reagents.

In immunoprecipitation, a small volume keeps the m6A fragment concentration high and
therefore increases the binding affinity, which is particularly important for single-cell and rare
cell inputs. Previously, MeRIP-seq/m6A-seq required a volume of 500 ul or 1000 pl of reaction
mixture during the IP step. We decreased the incubation volume to 100 pl to allow our m6A

fragment concentration to remain high and therefore increase the binding affinity.

In the elution step, a previous method used an m6A competitive elution strategy to elute m6A
targets; however, the m6A competitive elution buffer for each pulldown is not efficient for low
input material. We employed Proteinase K for digestion of the antibodies that connected the
beads to the target m6A fragments. Two rounds of Proteinase K digestion were performed to
maximize recovery. The recovered eluates from the same sample were pooled and precipitated
with ethanol. Ethanol precipitation is an operationally simple, amplification facile, and solvent
safe method for extracting RNA. There was also a minor difference from ethanol precipitation

in previous large-scale MeRIP-seq/m6A-seq protocols: after salt and ethanol were added to the
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aqueous solution, we also added linear acrylamide, which facilitates precipitation in small
amounts of RNA. It increases the pellet mass and forces the precipitation of m6A fragments out
of the solution. After precipitation, the m6A fragments were separated from the rest of the
solution by centrifugation. We washed the pellets twice with 1 ml of ice-cold 75% ethanol to
thoroughly remove unwanted contamination. Finally, the pellets were resuspended in nuclease-

free water containing an RNase inhibitor.
Preparation of single-cell MeRIP-seq libraries

The current MeRIP-seq/m6A-seq method depends on the construction of DNA libraries for
sequencing on an Illumina-compatible platform. The library construction protocol included
reverse transcription of RNA to generate complementary single-stranded cDNA, second-strand
cDNA synthesis and adapter addition. Adapters can be added either during cDNA synthesis or
during the final amplification step. This library preparation protocol has two major drawbacks:
first, it requires large amounts of RNA starting material; second, the whole procedure is time-
consuming; and third, it is labor intensive and inefficient. We tested several traditional
commercial methods for scMeRIP-seq library construction. We found that the ligation of
adapters is time-consuming and inefficient; in our hands, we increased the starting amount of
input material to at least 10 ng for successful library construction. In addition, the final libraries
were contaminated with cross- and self-ligated adapter byproducts that are difficult to remove

before sequencing.

Encouragingly, a single-tube DNA library preparation (Carge et al. 2018) protocol eliminates
inter-reaction purification by replacement of the column-based/bead-based purification method
with heat inactivation of enzymes. This protocol increases library complexity and yields more
uniquely deduplicated reads by reducing sample loss without purification steps. In addition, it
is time-saving compared with traditional methods and requires fewer manual manipulations. It
also reduces costs when considering the reduced number of steps and decreased laboratory

equipment requirements.

In 1999, a method was described for amplifying cDNA ends; it requires only first-strand cDNA
synthesis and a single PCR amplification step to generate a final product with very low or nearly
no background (Matz et al. 1999). The method was commercialized and is currently used in the
Takara SMART-Seq Stranded Kit. It takes advantage of Moloney murine leukemia virus
reverse transcriptase (MMLV-RT) to attach adapters to the 5'-ends of cDNAs generated from
first-strand synthesis. As described in the user manual of the Takara SMART-Seq Stranded Kit
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(Figure 15), when the MMLV-RT reaches the 5’ end of the RNA fragment, the enzyme’s
terminal transferase activity adds a few nontemplated nucleotides to the 3° end of the cDNA.
The carefully designed SMART-Seq Stranded Adapter undergoes base pairing with the
nontemplated nucleotide stretch, creating an extended template to enable MMLV-RT to
continue replication to the end of the oligonucleotide. In the next step, full-length Illumina

adapters including barcodes are added to the cDNA by PCR amplification.

The SMART-Seq Stranded Kit offers workflow choices between ultra-low (1-50 cells or 10—
500 pg total RNA) and low (50-1000 cells or 0.5-10 ng total RNA) input, which meets the
requirement for our single-cell MeRIP-seq library preparation. Although this kit is very
promising, it still cannot be used directly with our [Ped samples. As shown in Figure 15, the
workflow used in this kit starts with intact cells or total RNA, and removal of rRNA is

performed after cDNA synthesis and amplification using probes specific for rRNA.
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Figure 15. Schematic of the technology used in the SMART-Seq Stranded Kit. SMART technology is used in
a ligation-free protocol to preserve strand-of-origin information. Random priming (through the SMART scN6
Primer) allows the generation of cDNA from all RNA fragments in the sample, including rRNA. When the
SMARTScribe™ Reverse Transcriptase (RT) reaches the 5° end of the RNA fragment, the enzyme’s terminal
transferase activity adds a few nontemplated nucleotides to the 3° end of the cDNA (shown as “XXXXX”). The
carefully designed SMART-Seq Stranded Adapter (included in the SMART scTSO Mix) undergoes base pairing
with the nontemplated nucleotide stretch, creating an extended template to enable the RT to continue replication
to the end of the oligonucleotide. The resulting cDNA contains sequences derived from the SMART scN6 Primer
and the SMART-Seq Stranded Adapter. In the next step, full-length Illumina adapters including barcodes are added
via a first round of PCR amplification (PCR1). The 5° PCR Primer binds to the SMART-Seq Stranded Adapter
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sequence (light purple), while the 3° PCR Primer binds to the sequence associated with the SMART scN6 sequence
(green). Ribosomal cDNA (originating from rRNA) is then cleaved by scZapR in the presence of mammalian-
specific scR-Probes. This process leaves the library fragments originating from non-rRNA molecules untouched,
with priming sites available on both the 5 and 3’ ends for further PCR amplification. These fragments are enriched
via a second round of PCR amplification (PCR2) using primers universal to all libraries. The final library contains
sequences allowing clustering on any Illumina flow cell. Optional pooling of up to 12 samples after PCR1 allows
for greater ease of use by minimizing the number of samples to be processed downstream. The figure and legends

are adapted from the Takara user manual.

However, m6A modifications on rRNA are well known: one is m6A modification on site 4220
in 28S rRNA, and the other is m6A modification on site 1832 in 18S rRNA. We utilized single-
tube rRNA and DNA depletion at the beginning of the scMeRIP-seq experiment; initial rRNA
depletion from the starting cell lysate leaves a sufficient amount for immunoprecipitation of
m6A-modified mRNAs and noncoding RNAs. In addition, initial rRNA depletion from the
lysate of single cells is beneficial for reducing the sequencing cost and simplifying analysis of
the final results. Then, we contacted Takara’s technical support team and consulted with them
regarding the detailed protocol. They helped us to design the entire flowchart for library
preparation, as shown in Figure 16. The modified protocol was very successful in all of our
sample library preparations. An added bonus was that it also saved some time by not including
rRNA depletion after the first round of library amplification. The entire library construction
protocol can be completed in less than 5 hours, while at least 7 hours are needed for the original

protocol.
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Figure 16. The SMART library preparation method was tailored to a single-tube protocol to preserve all
immunoprecipitated RNA. The SMART scN6 Primer (green) is a random primer that allows the generation of
c¢DNA from all immunoprecipitated RNA fragments. After reverse transcription, the SMART Stranded Adapter
(pink) is ligated to the cDNA product. Next, full-length Illumina adapters including barcodes are added via a first
round of PCR amplification (PCR 1). To minimize the number of samples to be processed downstream, individual
samples can be pooled for the second round of PCR amplification (PCR 2) using primers universal to all libraries.

The final library is compatible with any Illumina sequencing platform.
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Insights into m6A modification in oocytes and preimplantation

embryos

m6A modification in oocytes and preimplantation embryos

moOA is the most abundant internal mRNA modification and has been proven to perform
multiple functions in mRNA processing, translation, and degradation (Zhao et al. 2017a;
Zaccara et al. 2019). m6A is also present in noncoding RNAs (Meyer et al. 2012; Xiao et al.
2019) and carRNAs, including promoter-associated RNAs, enhancer RNAs, and
retrotransposon-derived RNAs (Liu et al. 2020a; Chelmicki et al. 2021; Liu et al. 2021; Xu et
al. 2021). It is deposited by m6A ‘writer’ methyltransferases (the METTL3 and METTL14
complex) and other associated proteins (WTAP, VIRMA, ZC3H13, CBLL1, RBM15 and
RBM15B) (Roundtree et al. 2017b; Du et al. 2019). The mouse genome encodes five YTH
domain-containing proteins, YTHDFI-YTHDF3, YTHDC1 and YTHDC?2, that selectively
bind to m6A-modified RNAs and impact their metabolism (Dominissini et al. 2012; Batista et
al. 2014; Aguilo et al. 2015; Li et al. 2016; Bailey et al. 2017; Roundtree et al. 2017b; Wojtas
et al. 2017; Boccaletto et al. 2018; Jain et al. 2018; Chen et al. 2021a). ALKBHS and FTO are
two identified m6A ‘erasers’ that remove m6A (Jia et al. 2011; Zheng et al. 2013a).

The maternal transcriptome is transcribed and accumulates during follicle growth in oogenesis
and is completed in GV oocytes (Eppig and Schroeder 1989). Later, under the influence of
hormonal triggers, mRNAs are gradually degraded when GV oocytes develop into MII oocytes,
which are fully mature oocytes awaiting fertilization by sperm (Bachvarova et al. 1985; Paynton
et al. 1988). However, it is still not fully understood why oocytes undergo gradual maternal
mRNA clearance until the 2-cell stage in mice. Over the past few years, it has become clear that
m6A modification plays critical roles in the degradation of maternal mRNA species (Sha et al.

2019; Vastenhouw et al. 2019).

Mettl3-knockout leads to early embryonic lethality (Geula et al. 2015a). Female mice with
conditional Mettl3 knockout showed an abnormal ovarian morphology and were sterile; the
flushed oocytes were stalled at the GV stage and did not reach the two-cell stage upon
fertilization attempts (Lasman et al. 2020c). In another study, METTL3 knockdown by
microinjection of specific small interfering RNAs or morpholinos into GV oocytes also severely
inhibited oocyte maturation by decreasing the mRNA translation efficiency, which led to

defects in MZT in embryos (Sui et al. 2020).

50



YTHDEF?2 is an essential determinant of mammalian oocyte competence and early zygotic
development, and loss of YTHDF?2 results in failure of proper oocyte maturation (Ivanova et al.
2017). Single KO of Ythdf1 or Ythdf2 causes learning and memory defects as well as impaired
neural development (Li et al. 2018; Shi et al. 2018b). Both YTHDC1 and YTHDC2 have an
essential role in oogenesis, and their knockout during oogenesis leads to a severe hypofertility
phenotype (Xiao et al. 2016; Bailey et al. 2017; Roundtree et al. 2017b; Wojtas et al. 2017; Jain
et al. 2018; Kasowitz et al. 2018; Liu et al. 2021).

In Paper I1I, the IF staining results showed that m6A was mostly localized in the cytoplasm.
The IF staining results suggested that high levels of m6A are present in oocytes and zygotes,
that m6A signals are rapidly reduced from the zygote stage to the 2-cell embryo stage, and that
mo6A gradually increases from the 2-cell stage to the blastocyst stage. We also showed stage-
specific m6A modulation in each transitional stage, revealing a stepwise requirement of the
m6A methylome that is involved in gene regulation. These results suggest that m6A is a
permissive RNA modification in oocytes and preimplantation embryos that could play

important roles in early embryo development.

In Paper I, by profiling m6A in mouse MII oocytes and blastocysts with our scMeRIP-seq
method developed in Paper II, we found that both metagene profiles showed a typical
transcriptome-wide distribution pattern of m6A and that m6A peaks were strongly enriched in
the vicinity of stop codons. The consensus motif RRACH was identified in both MII oocytes
and blastocysts. Gene ontology (GO) analysis of cell-specific m6A genes revealed the expected
biological relevance in oocytes and blastocysts. In MII oocytes, methylated genes were enriched
in categories such as transcription, DNA templating, mRNA processing, RNA splicing and the
cell cycle, suggesting that m6A is an essential modification involved in oocyte processes. In
blastocysts, the enriched GO terms were categorized into transcription, DNA templating, the
cell cycle, covalent chromatin modification, stem cell population maintenance, in utero
embryonic development, etc., indicating that m6A-modified genes also play important roles in
blastocysts. These findings suggest that m6A is a permissive modification in mouse MII oocytes

and blastocysts and plays vital roles during oogenesis and embryogenesis.
m6A modification meets transposable elements

Recently, the focus of m6A studies has shifted from mRNAs to noncoding RNAs, which are
termed carRNAs and include promoter-associated RNAs, enhancer RNAs and transposable

element (TE)-derived RNAs (repeat RNAs) (Li et al. 2020; Liu et al. 2020a; Chen et al. 2021b;
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Liu et al. 2021; Xiong et al. 2021; Xu et al. 2021). Several studies have shown that m6A is

involved in the chromatin environment and transcription.

TEs constitute a substantial proportion of the mammalian genome and modulate genome
structure and expression; they are also crucial for genome integrity (Goodier and Kazazian
2008). TEs are classified into retrotransposons and DNA transposons by their transposition
intermediate. Retrotransposons include long interspersed nuclear elements (LINEs), short
interspersed nuclear elements (SINEs) and long terminal repeat elements (LTRs) (Wicker et al.
2007; Chuong et al. 2017). Murine LTRs are further classified into three categories.
Endogenous retroviruses (ERVs) are the third class and are the predominant superfamily among
LTRs; ERVs include mouse endogenous retrovirus type-L (MuERV-L) and nonautonomous
mammalian apparent LTR retrotransposons (MaLRs, sometimes referred to as the ERVL-
MaLR group). Rodent MalLRs include the ancestral mammalian MLT family and rodent-
specific ORR1 and MT families (Smit 1993; Hubley et al. 2016). A previous study suggested
that MTA is the youngest ERVL subfamily and makes large contributions to poly(A)
transcriptomes at specific stages of the germline cycle, particularly during oogenesis (Franke et

al. 2017).

A recent study found that YTHDCI facilitates the decay of a subset of these m6A-modified
carRNAs, including members of the LINE family (Liu et al. 2020a). Another study showed that
m6A modification on RNA exerts a protective effect on the maintenance of cellular integrity
by clearing reactive ERV-derived RNA species, especially intracisternal A-particles (IAPs), a
highly active subtype belonging to the ERVK family (Chelmicki et al. 2021). Notably, three
recent studies reported that m6A modification is critical for maintaining cellular integrity by
silencing endogenous retrovirus (ERV)-derived RNAs (Liu et al. 2021; Xiong et al. 2021; Xu
et al. 2021).

In Paper I, we found that two retrotransposon subfamilies (L1Md_A and LIMd T of'the LINE-
1 family) were enriched with m6A in mouse tissues. However, m6A was predominantly
localized to the MTA_ Mm subfamily, the evolutionarily youngest component of the MaLR
family, in mouse MII oocytes. By comparison, m6A methylation of these three subfamilies was
not found in blastocysts. A motif search showed that RRACH motifs were located throughout
all the consensus sequences, suggesting the extensive m6A modification in MTA-derived
transcripts. In Paper III, we have demonstrated that m6A is widespread in the transcriptomes
of mouse oocytes and early embryos, showing stage specific marking of transcripts, and is
dynamically regulated in response to developmental events. Specifically, the pronounced m6A
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deposition on transcripts involved in transcriptional regulation, suggests a potential regulatory
layer of m6A at the transcription level. Overall, these studies have started to reveal the roles of
m6A-modified repeat elements in early embryogenesis and are expected to provide valuable

insights and a deeper understanding of m6A.

Future perspectives

After the first publications of transcriptome-wide m6A mapping methods in 2012, m6A
mapping methods stimulated a trend of explosive growth in research on m6A. To date, more
than 2000 m6A mapping studies have been published in various contexts (Sayers et al. 2021).
However, these methods require large amounts of materials, which hinders their application in
many settings. In this thesis, we developed scMeRIP-seq, which allowed transcriptome-wide

detection of m6A from picogram-level samples and even single cells.

We can speculate that after the development of scMeRIP-seq, it will be applied in many
contexts where materials are lacking, such as research on early embryonic development and
cancer. Extensive studies have shown that m6A affects the fate of modified RNA molecules
and plays critical roles in almost all processes of cancer development (Huang et al. 2020).
However, the contribution of m6A features to tumor heterogeneity and development remains
unknown. Our methods pave the way for future application of a high-throughput droplet
microfluidics platform combined with scMeRIP-seq to profile the m6A landscape of thousands
of cells at single-cell resolution, an approach that could identify key differences in m6A features

between normal cells and cancer cells (Baslan and Hicks 2017; Grosselin et al. 2019).

We speculate that future improvements will enhance the utility of scMeRIP-seq to analyze
single somatic cells with high throughput by combining this method with a droplet
microfluidics platform, optimizing fragmentation, applying automated liquid handling robots,
and refining methods of data analysis. All these improvements are expected to provide superior
detection accuracy, precision, and reproducibility without introducing handling bias. This
method of single-cell m6 A immunoprecipitation followed by sequencing will pave the way for
not only uncovering the role of m6A in single cells but also revealing heterogeneity in m6A
during cellular differentiation and development. In addition, we anticipate that scMeRIP-seq
may be combined with existing approaches, such as single-cell analyses of genome sequences,
chromatin accessibility, DNA methylation, histone modifications and chromosome
conformation. All these possibilities provide opportunities for the technologies of single-cell

multiomics analyses and offer approaches for integrative analysis of single cells with
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multiomics data. As m6A is incorporated cotranscriptionally into RNA transcripts by the
METTL3-METTL14 core methyltransferase complex, m6A on carRNAs has been found to
serve as a switch to control the chromatin state and is directly involved in regulating the
transcription of thousands of genes (Billon and Cristofari 2021; He and Lan 2021; Luense and
Berger 2021; Wei and He 2021). scMeRIP-seq combined with single-cell genomic and
epigenomic profiling technologies are anticipated to provide new mechanistic insights into the

cotranscriptional interplay between m6A and other genomic factors.

In addition to studying m6A in preimplantation embryos and cancer cells, it is also possible to
analyze m6A dynamics to monitor the progression of other human diseases in rare or precious
biological samples during physiological or pathological processes at the single-cell level

without disturbing or consuming the entire sample.

Regarding other improvements to scMeRIP-seq, it could be possible to detect m6A across the
transcriptome at single-nucleotide resolution. The scMeRIP-seq protocol involves
immunoprecipitation of 100~500 nt-long RNA fragments with m6A-specific antibodies. Via
this method, m6A peaks can be generated and located, but specific m6A residues cannot be
identified at single-nucleotide resolution. We are also aiming to optimize the current library
preparation methods of scMeRIP-seq to develop another advanced ligation-free method. In this
optimized method, Illumina adapters are attached to both ends of the immunoprecipitated m6A-
containing fragments, and the input size requirements of the fragments are flexible, allowing
the fragments to contain fewer than approximately 50 nt. As noted in a previous study, m6A
occurs in a consensus motif that is necessary for methylation, and after mapping to the reference
genome, m6A-modified adenosines can be identified at single-nucleotide resolution based on

the RRACH consensus motif (Schwartz et al. 2013).

At the end of the discussion, I want to suggest a bold outlook for scMeRIP-seq, predicting that
it will be widely used in all single-cell sequencing research. During the past decade, single-cell
RNA-seq technology has already provided fascinating insights into the processes of various
developmental, physiological and disease systems. However, the findings are still not enough
to solve some problems and explain some phenomena in biological studies. Increasing evidence
suggests that m6 A RNA modification is at the heart of gene regulation and is associated with
the chromatin status. Moreover, the modifications that occur on RNA precisely control protein
translation and thus regulate cell metabolism. Studying RNA modifications at the single-cell

level will enable an even more profound understanding of these unresolved issues, leading to
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the development of m6A atlases describing the gene transcription and expression profiles and

contributing to the field of omics in biology.
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Abstract

Neural stem/progenitor cells (NSPCs) persist in the mammalian brain throughout life and can be activated in response to the
physiological and pathophysiological stimuli. Epigenetic reprogramming of NPSC represents a novel strategy for enhancing the
intrinsic potential of the brain to regenerate after brain injury. Therefore, defining the epigenetic features of NSPCs is important
for developing epigenetic therapies for targeted reprogramming of NSPCs to rescue neurologic function after injury. In this study,
we aimed at defining different subtypes of NSPCs by individual histone methylations. We found the three histone marks, histone
H3 lysine 4 trimethylation (H3K4me3), histone H3 lysine 27 trimethylation (H3K27me3), and histone H3 lysine 36
trimethylation (H3K36me3), to nicely and dynamically portray individual cell types during neurodevelopment. First, we found
all three marks co-stained with NSPC marker SOX2 in mouse subventricular zone. Then, CD133, Id1, Mashl, and DCX
immunostaining were used to define NSPC subtypes. Type E/B, B/C, and C/A cells showed high levels of H3K27me3,
H3K36me3, and H3K4me3, respectively. Our results reveal defined histone methylations of NSPC subtypes supporting that

epigenetic regulation is critical for neurogenesis and for maintaining NSPCs.

Keywords Histone methylation - NSPC subtypes - Mouse subventricular zone - Neurodevelopment

Introduction

In the postnatal mammalian brain, most of the neural
stem/progenitor cells (NSPCs) are spatially restricted to two spe-
cific brain regions: the subgranular zone (SGZ) in the dentate
gyrus of the hippocampus and the subventricular zone (SVZ)
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of the lateral ventricles [1]. As the major site for NSPCs in the
postnatal central nervous system (CNS), four major cell types of
NSPCs have been identified in the SVZ niche: ependyma-like
stem NSPCs (type E cells), quiescent or dormant NSPCs
(gNSCs; type B cells), transient amplifying progenitors (TAPs;
type C cells), and migrating neuronal precursors (neuroblasts;
type A cells) [2, 3] (Fig. 1b). NSPCs in SVZ can be activated
in response to physiological and pathophysiological stimuli, in
which they initiate CNS repair and functional recovery [4].
Therefore, understanding the dynamic regulation of NSPC sub-
types may provide new insight for developing novel treatment
modalities for CNS diseases.

Histone modifications are post-translational modifications to
histone proteins which include methylation, phosphorylation,
acetylation, ubiquitylation, and sumoylation. These modifica-
tions have biological roles and can be inherited and are referred
to as epigenetic marks. Specific histone methylation marks at
promoter regions affect transcription activities [5]. Generally, his-
tone H3 lysine 4 trimethylation (H3K4me3) and histone H3
lysine 36 trimethylation (H3K36me3) are associated with active
promoters and gene bodies of actively transcribed genes. This
results in increased transcription activity, whereas histone H3
lysine 27 trimethylation (H3K27me3) is linked to transcriptional
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Fig. 1 H3K27me3, H3K36me3, and H3K4me3 co-located with SOX2
during neurodevelopment in SVZ. Schematics of the cell layers and cell
types in the embryonic (a) and adult (b) brain. Immunofluorescent
staining showed that high level of H3K27me3, H3K36me3, and

repression [6]. H3K4me3, H3K36me3, or H3K27me3 has piv-
otal and distinct roles in different stages of neurodevelopment
and aberrant regulation of histone methylation contributes to the
pathogenesis of various CNS disorders [7]. Many embryonic
stem cell (ESC) promoters combine activating H3K4me3 marks
and repressive H3K27me3 marks, and these bivalent domains
are important dynamically regulated targets in the expression of
developmental genes [8]. H3K36me3 is markedly enriched at
pericentromeric heterochromatin in ESCs and fibroblasts
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[9]. Even though both H3K4me3 and H3K36me3 are tran-
scriptional activators, H3K36me3 predominates in the
transcribed bodies of genes, whereas nucleosomes near
the transcription start site of active genes contain
H3K4me3 [10]. However, we have limited understanding
regarding the function of the dynamic changes in these
histone methylation marks during neurodevelopment.

In this study, we observed distinct features of histone meth-
ylation in the different subtypes of NSPCs during
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neurodevelopment. Type E/B cells are marked by high levels
of H3K27me3, type B/C cells showed high levels of
H3K36me3, and H3K4me3 is specific for type C/A cells.
These results may reveal new insight into the onset of
neurodevelopment and provide an innovative epigenetic sig-
nature for discovery and characterization of key regulatory
genes/regions for neurogenesis.

Material and Methods
Animals

CS57BL/6N mouse strain was used for this research and all
mouse experiments were approved by the Animal Research
Committee and the Norwegian Food Safety Authority
(NFDA), and conducted in accordance with the rules and reg-
ulations of the Federation of European Laboratory Animal
Science Associations (FELASA). The staff at Komparativ
Medisin (KPM) Oslo University Hospital is responsible for
housing and daily maintenance. Housing and environmental
enrichment is according to standards. All efforts were made to
minimize animal suffering and to keep the numbers of animals
used to a minimum.

Method Details

P10 and adult mice were anesthetized and transcardially per-
fused with normal saline followed by 4% paraformaldehyde
(PFA, sc-281692, Santa Cruz Biotechnology, Dallas, TX,
USA). Ten milliliter normal saline and 25 ml 4% PFA were
used for P10 mice, while adult mice were infused with
25 ml normal saline and 50 ml 4% PFA. For E18 mice,
pregnant E18 mice were sacrificed and the fetal brains were
dissected in cold PBS, and then soaked into 4% PFA for
fixation. All brains were dissected and post-fixed in 4% PFA
overnight at 4 °C, followed by paraffin embedding. Four-
micrometer brain tissue serial slices were coronally sec-
tioned by microtome (HM355s, Thermo Scientific,
Waltham, MA, USA) and mounted onto glass slides. These
sections were used for immunostaining. The slides were
deparaffinized and cleared in Clear-Rite™ 3 (6901TS,
Thermo Scientific) followed by rehydration in an EtOH gra-
dient. Then the slides were heated to 95 °C in the antigen
retrieval buffer (3 g sodium citrate (25114, Sigma-Aldrich),
0.4 g citric acid (251275, Sigma-Aldrich), 1000 mL H,O,
pH 6.0) for 30 min, followed by washing with 0.01 M PBS
(all washes were performed three times, 5 min each). The
slides were permeabilized with 0.3% Triton X-100 (T8787,

Table 1  Antibodies used during the study
Antigen Source and host species Concentration Catalog no.
Anti-SOX2 Abcam, mouse monoclonal antibody 1:200 ab79351
Anti-SOX2 Abcam, rabbit polyclonal antibody 1:200 ab97959
Anti-Ki67 Abcam, rabbit polyclonal antibody 1:200 ab15580
Anti-Ki67 Invitrogen, rat monoclonal antibody 1:1000 14-5698-80
Anti-PCNA antibody Abcam, rabbit monoclonal antibody 1:1000 ab29
Anti-PCNA antibody Abcam, mouse monoclonal antibody 1:200 ab92552
Anti-CD133 antibody Millipore, rat monoclonal antibody 1:100 MAB4310
Anti-ID1 antibody R&D Systems, goat polyclonal antibody 1:200 AF4377
Anti-MASH]1 antibody Abcam, rabbit monoclonal antibody 1:1000 ab213151
Anti-MASH]1 antibody BD Pharmingen, mouse monoclonal antibody 1:100 556604
Anti-DCX antibody Abcam, rabbit polyclonal antibody 1:200 ab18723
Anti-DCX antibody BD Transduction Laboratories, mouse monoclonal 1:200 611706
antibody
Anti-trimethyl-Histone H3 (Lys4) (H3K4me3) antibody Millipore, rabbit monoclonal antibody 1:500 04-745
Anti-Histone H3 trimethyl Lys36 (h3k36me3) antibody Active Motif, mouse monoclonal antibody 1:500 61021
Anti-Histone h3k27me3 (H3K27 Trimethyl) antibody Epigentek, rabbit Polyclonal antibody 1:150 A-4039
Anti-Mouse igg (H+L) secondary antibody, Alexa Fluor 488 Invitrogen, donkey polyclonal antibody 1:500 R37114
Anti-Mouse IgG (H+L) secondary antibody, Alexa Fluor 594 Invitrogen, donkey polyclonal antibody 1:500 R37115
Anti-Rabbit IgG (H+L) secondary antibody, Alexa Fluor 488 Invitrogen, donkey polyclonal antibody 1:500 R37118
Anti-Rabbit IgG (H+L) secondary antibody, Alexa Fluor 594 Invitrogen, donkey polyclonal antibody 1:500 R37119
Anti-Rat IgG (H+L) Highly Cross-Adsorbed secondary antibody, Invitrogen, donkey polyclonal antibody 1:500 A-21209
Alexa Fluor 594
Anti-Goat IgG (H+L) Cross-Adsorbed secondary antibody, Alexa Invitrogen, donkey polyclonal antibody 1:500 A-11058

Fluor 594
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Fig. 2 Different subtypes of NSPC marker co-stained with different
histone methylations at postnatal 10 days (P10). Immunocytochemical
double labeling revealed different patterns of histone methylations co-
stained with CD133 (a), Id1 (c), Mashl (e), and DCX (g) respectively.
Nuclei were counterstained with DAPL. Scale bar =50 pum. The square
frames are enlarged to identify a single typical high (red) and low (yellow)
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Fig. 3 CD133 and IdI co-stained with different histone methylations at
E18. Immunocytochemical double labeling revealed different patterns of
histone methylations co-stained with CD133 (a) and Id1 (c), respectively.
Nuclei were counterstained with DAPIL. Scale bar=50 um. b, d The

Sigma-Aldrich, St. Louis, MO, USA) for 20 min, rinsed,
and then blocked for 2 h with blocking buffer (5% normal
goat serum (G9023, Sigma-Aldrich) and 5% bovine serum
albumin (A7096, Sigma-Aldrich)). The samples were incu-
bated with the primary antibodies (Table 1) overnight at
4 °C, washed with 0.01 M PBS, and then incubated with
the suitable secondary antibodies. All antibodies are shown
in Key resources table. The control samples were incubated in

number of immunolabeled cells was counted for three sections in each
mouse and each value represents the mean = SD of three mice (n = 3). *P
<0.05, **P<0.01 versus H3K27me3 group; #P <0.05 versus
H3K36me3 group. E18, embryo at day 18

blocking buffer instead without primary antibodies. Nuclei
were visualized with mounting medium including DAPI
(H-1200, Vector, Burlingame, CA, USA). Images were taken
with a Leica SP8 confocal microscope equipped with a x40
oil immersion lens. The number of immunolabeled cells lining
the lateral wall of the lateral ventricle was counted for three
sections in each mouse, and at least three animals were used
for each experiment.
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Fig.4 Mashl and DCX co-stained with different histone methylations at
E18. Immunocytochemical double labeling showed different patterns of
histone methylations in Mashl- (a) and DCX (c)-positive cells. Nuclei
were counterstained with DAPI. Scale bar =50 um. b, d The number of

Quantification and Statistical Analysis

The level of histone methylation and double-positive cell was
measured and defined by using Image-Pro Plus 5.1.
Differences between groups were analyzed using one-way
ANOVA, followed by Tukey’s post hoc test. All statistical
analyses were performed using GraphPad Prism 5. The data
are shown as mean =+ standard deviation, and P < 0.05 was
considered as statistically significant difference.
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immunolabeled cells was counted for three sections in each mouse and
each value represents the mean + SD of three mice (n = 3). ***P <0.001
versus H3K27me3 group; ###P < 0.001 versus H3K36me3 group. E18,
embryo at day 18

Results

High Levels of H3K27me3, H3K36me3, and H3K4me3
in Neural Stem/Precursor Cells
during Neurodevelopment in SVZ

To characterize the dynamics of histone methylations during
neurodevelopment, we collected mouse brains at different time
points of early life: embryo at day 18 (E18), postnatal at day 10
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(P10), and adults at 2 months (2M). Then, we examined the
levels of three different histone methylation marks
(H3K27me3, H3K36me3, and H3K4me3) by immunofluores-
cence staining. All three histone marks showed strongest stain-
ing in neurogenic niches (e.g., SVZ and SGZ) during
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counterstained with DAPI. Scale bar=50 um. b, d, f, and g The
number of immunolabeled cells was counted for three sections in each
mouse and each value represents the mean + SD of three mice (n = 3). *P
<0.05, **P <0.01 versus H3K27me3 group. 2M, 2 months

neurodevelopment, although the intensity varied among the
three time points. In SVZ, the three tested histone marks showed
co-localization with the established NSPC marker SOX2 at all
three time points of development studied (Fig. 1c—e). In SGZ,
SOX2 co-localized with H3K4me3 and H3K36me3 at all three
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<« Fig. 6 High levels of H3K4me3 and H3K36me3 in cells expressing Ki-
67 and PCNA at postnatal 10 days (P10). Immunocytochemical double
labeling showed different patterns of histone methylations in Ki-67- (a)
and PCNA (c¢)-positive cells. Nuclei were counterstained with DAPI.
Scale bar =50 um. The square frames are enlarged to show the typical
detail high (red) and low (yellow) levels of different histone methylation
features. b, d The number of immunolabeled cells was counted for three
sections in each mouse and each value represents the mean + SD of three
mice (n=3). **P<0.01, ***P<0.001 versus H3K27me3 group. P10,
postnatal at day 10

time points, while H3K27me3 SOX2 double-positive cells were
just sporadic at any time point (Supplement Fig. 1 A-D).
Notably, H3K4me3, H3K36me3, and H3K27me3 stained dis-
tinct parts of SVZ, particularly at P10. H3K27me3 showed
strongest staining of the ependymal cell layer, and H3K36me3
level was high in the surrounding striatal parenchyma as well as
the ependymal cell layer at the lateral ventricle. In contrast,
H3K4me3 staining is strongest between the ependymal cell layer
and the striatal parenchyma (Fig. 1d). Previously, it has been
demonstrated that in the postnatal mouse brain, type B cells
locate between type A cells and the underlying striatal parenchy-
ma as well as between type A cells and the ependymal cells, and
that type C cells locate around type A cells (Fig. 1b) [11, 12].
These results suggest that histone methylation may define differ-
ent subtypes of NSPCs.

High Level of H3K27me3 in CD133-Positive Cells
at Early Postnatal Neurodevelopment

In postnatal mouse brain, CD133 (also known as prominin-1)
is a marker for type E/B cells; Id1 marks type B/C cells (type
C cells are Id1 positive, although at significantly lower levels
relative to type B cells) [13]; type C cells express the highest
levels of Mashl (also known as Ascll); and DCX marks type
A cells [14]. Immunocytochemical double labeling unveils
74% CD133-positive cells showing high level of
H3K27me3. On the contrary, there were few CD133-
positive cells that co-stained with H3K36me3 (42%) and
H3K4me3 (20%) (Fig. 2a, b). In the adult SVZ, the number
of CD133-positive cell decreased markedly and there was no
significant difference in immunocytochemical double labeling
for the three histone methylation marks studied at this stage
(Fig. 5a, b). The anatomical structure of embryo and postnatal
mouse brain is noticeably different (Fig. 1a, b). In embryo
mouse brain, H3K27me3 and H3K36me3 showed high levels
in the ventricular zone (VZ), while high levels of H3K4me3
cells were located to SVZ (Fig. 1c). As expected, most cells in
VZ and SVZ were CD133 positive. Furthermore, 74% of the
CD133-positive cells co-stained with H3K4me3, while
H3K27me3 and H3K36me3 showed 34% and 51% co-
staining with CD133, respectively (Fig. 3a, b). Thus, it ap-
pears that high level of H3K27me3 is displayed in ependymal

and quiescent neural stem cells in the SVZ (type B/E) at early
postnatal neurodevelopment.

High Level of H3K36me3 in Id1-Positive Cells at Early
Postnatal Neurodevelopment

Similarly, we used immunocytochemical double labeling to
identify colocalization of Id1 and the three histone methyla-
tion marks. Seventy-three percent Id1-positive cells co-stained
with H3K36me3, significantly higher than H3K27me3 (42%)
and H3K4me3 (29%) (Fig. 2c, d). Analogous to the CD133
staining, the number of Id1-positive cells was reduced dramat-
ically at adulthood and double labeling revealed minor differ-
ences for the three histone methylation marks (Fig. 5c, d). In
embryo mouse brain, most of the Id1-positive cells were lo-
cated in VZ and the majority of Id1-positive cells co-stained
with H3K27me3 (79%) and H3K36me3 (68%) (Fig. 3c, d).
However, just 44% H3K4me3-positive cells co-stained with
Id1. These phenomena may indicate that H3K36me3 is a good
marker for quiescent and active neural stem cells (type B/C) at
early postnatal neurodevelopment.

High Level of H3K4me3 in Mash1 and DCX-Positive
Cells at Postnatal Neurodevelopment

Mash1 (also known as Ascll) is characterized as a proneural
transcription factor and typically used as a type C cell marker.
DCX is expressed in the last stage before NSPCs are migrating
through the rostral migratory stream (RMS) [14]. Therefore,
Mashl and DCX were used for labeling type C and A cell,
respectively. Immunocytochemical double labeling identified
66% of Mashl-positive cells co-staining with H3K4me3 at
P10, while very low co-staining was observed for H3K27me3
(6%) and H3K36me3 (25%) (Fig. 2 E, F). Embryonic brain
staining results showed that Mash1-positive cell appeared in
SVZ; and it was similar to P10 with 82% H3K4me3, and very
low H3K27me3 and H3K36me3 co-staining, 10% and 13%
respectively (Fig. 4a, b). At adulthood, 58% Mash1-positive cells
co-stained with H3K4me3, 2% with H3K27me3, and 54% with
H3K36me3 (Fig. Se, ). Then, double immunostaining was also
used for detecting DCX and different histone methylations.
During neurodevelopment, the number of H3K4me3 DCX
double-positive cells was significantly higher compared with
H3K27me3 or H3K36me3 double-positive cells (Fig. 2g, h;
Fig. 4c, d; and Fig. 5g, h). Thus, both type C and type A are
represented by H3K4me3.

H3K4me3- and H3K36me-Positive Cells Co-Stain
with Proliferation Markers at Early
Neurodevelopment

To further evaluate histone methylation in the proliferation
state of early developmental cells in SVZ, co-staining with
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the proliferation markers Ki-67 and PCNA was analyzed. We
identified a noticeable difference with most of Ki-67-positive
cells co-staining with H3K36me3 (87%) or H3K4me3 (86%),
while only 3% of H3K27me3-positive cells co-stained with
Ki-67 at P10 (Fig. 6a, b). Similarly, just 4% of PCNA-positive
cells co-stained with H3K27me3 compared with 70% for
H3K36me3 and 75% for H3K4me3 (Fig. 6c, d). These results
strongly indicate that high levels of H3K36me3 and
H3K4em3 correlate very well with proliferating cells in SVZ
at early postnatal neurodevelopment.

Discussion

Traditional therapies for CNS diseases are limited. For exam-
ple, treatment for clinical stroke by the administration of tissue
plasminogen activator and the recent introduction of mechan-
ical thrombectomy can only be used in a limited proportion of
patients due to time constraints [15]. Accordingly, continuing
efforts are in need to develop novel, safe, and more optimal
and effective therapeutic strategies for CNS diseases. The dy-
namic regulation of histone methylations and chromatin re-
modeling plays essential roles in development, cellular differ-
entiation, and cell fate maintenance [16]. More importantly,
emerging evidence supports the involvement of histone meth-
ylation in the pathogenesis of CNS damage and several neu-
rodegenerative diseases [17, 18]. In this study, we reveal how
different histone methylation marks are dynamically regulated
during NSPC differentiation in the mouse SVZ area, repre-
sented as marked differences in histone methylations between
quiescent and active NSPCs (Fig. 7). As NSPCs can be

- 9

Ependymal cell

I H3kames

Fig. 7 Schematic model of the developmental process of NSPCs
projected from this study. Histone methylations are dynamically
changed during NSPC differentiation in mouse SVZ area. Different
subtypes of NSPCs represented different patterns of histone
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activated by CNS damage and participate in CNS repair and
functional recovery, our study may bring a novel perspective
to a therapeutic strategy of CNS diseases and provide a poten-
tial histone methylation features for screening and identifying
key therapeutic genes for CNS diseases.

SOX2 maintain stemness of NSPCs in a slowly proliferat-
ing stem cell state by repressing the cell cycle regulator cyclin
D1 during cortex development [19]. When NSPCs enter the
stage of differentiation, the levels of SOX2 decrease, which
releases this repression and thus promotes cell cycle re-entry
and NPC proliferation [20]. In this study, the SOX2 staining
results showed that the number of SOX2 cells in SVZ gradu-
ally decreased during neurodevelopment. Notably, most cells
with high level of H3K27me3 showed high level of SOX2,
whereas H3K36me3 cells presented low co-staining with
SOX2 cells. Furthermore, H3K4me3 and SOX2 co-staining
are rare in SVZ. There is a positive correlation between the
expression of SOX2 and stemness of NSPCs [21]. Thus, our
results define histone methylations specific for SOX2-positive
NSPCs. Moreover, we reveal that high levels of H3K27me3
exist in the early stage of NSPC development; H3K36me3 is
characteristic of metaphase while H3K4me3 is enriched in the
mid and later stages of NSPC development.

In the mammalian embryo brain, the proliferative region
comprises two distinct zones: VZ, which is a neuroepithelial
layer directly adjacent to the ventricular lumen, and SVZ,
which is positioned superficial to the ventricular zone [22]
(Fig. 1a). Radial glial cells (RGCs, one type of embryonic
neural stem cells) reside in the VZ and generate both interme-
diate progenitor cells (IPCs, one type of embryonic neural
precursor cells) and cortical neurons. IPCs migrate away from
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methylations. Specifically, type E/B cells are marked by high levels of
H3K27me3, type B/C cells showed high levels of H3K36me3, and
H3K4me3 is specific for type C/A cells
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the ventricular surface and establish the SVZ [23]. Therefore,
the cellular composition is different in VZ and SVZ. RGCs are
mostly concentrated in VZ and most of IPCs located in SVZ.
In this study, embryo brain staining showed high levels of
H3K27me3 and H3K36me3 in VZ, and of H3K4me3 in
SVZ. Thus, it suggests high level of H3K27me3 and
H3K36me3 at early stage of embryonic neural stem cell de-
velopment, and of H3K4me3 at middle/late stage.

Further, our results identify significant differences among
immunocytochemical double labeling in the P10 SVZ.
However, we found that these distinct features disappeared
in 2 months or E18; the number of NSPCs in SVZ was sig-
nificantly decreased during neuronal development, and the
dynamics of histone methylations described here might be
one of the mechanisms underlying this regulation and might
encode the difference between embryonic NSPCs and adult
NSPCs. One major difference between adult and embryonic
neural stem cells is their different number and their ability to
differentiate into various cell types. Embryonic NSPCs can
divide asymmetrically to generate neurons directly or indirect-
ly through intermediate progenitor cells and oligodendrocytes.
More importantly, at the end of the embryonic development,
embryonic NSPCs begin to detach from the apical side and
convert into astrocytes. Even if adult NSPCs can continue to
generate neurons and oligodendrocytes, they cannot differen-
tiate into astrocytes [24]. Histone methylation introduces
epigenetic modifications with close ties to transcription
and has been directly linked to lifespan regulation in
many organisms [25]. For example, upon differentiation
towards the neuronal lineage, some bivalent genes became
expressed and lost the H3K27me3 mark, whereas those
that were silenced lost the H3K4me3 and retained
H3K27me3 [26]. Therefore, it is not unlikely that the
embryonic and adult NSPC states are maintained by dif-
ferential histone methylation profiles.

Chromatin, the template for epigenetic regulation, is a
highly dynamic entity that is constantly reshaped during
neurodevelopment [27]. Epigenetic regulation by histone
methylation provides the necessary plasticity for cells to re-
spond to environmental and positional cues, enabling the
maintenance of acquired information without changing the
DNA sequence. In this study, we showed different subtypes
of NSPCs represented different features of histone methyla-
tions. These results may reveal novel insight into the onset of
neurodevelopment and provide an innovative epigenetic sig-
nature for discovery and characterization of key regulatory
genes for neurogenesis. However, further studies, especially
whole epigenome analysis and histone profiling, are necessary
for in-depth understanding of the role for individual histone
methylation domains in neurodevelopment.
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