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LIST OF ABBREVIATIONS

5caC — 5-carboxylcytosine

5fC — 5-formylcytosine

hmC — 5-hydroxymethylcytosine
5hmC — 5-hydroxymethylcytosine
mC — 5-methylcytosine

5mC — 5-methylcytosine

6mA — 6-methyladenine

oct — Octadiyn- modification group
by — Butynyl- modification group

hy — Hexynylazide modification group
hyC — 5-(6-azidohex-2-ynyl)cytosine
octC — 5-octadiynyllcytosine

byC — butynylcytosine

MTase — DNA methyltransferase
SAM - S-adenosyl-L-methionine

MBD — methyl-CpG-binding domain
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SANTRAUKA

DNR yra apriipinta jvairiomis epigenetinémis modifikacijomis, kurios nulemia geny raiskos
kaitg vystymosi metu ir véliau. Norint papildyti dabartines Zinias apie tai, kaip genomo metilinimas
nustatomas ir palaikomas vystymosi, sen¢jimo ir ligy metu, butina stebéti metiltransferazés aktyvuma.
Vienas i$ buidy tai padaryti yra citozino baziy modifikavimas naudojant inzinerintas MTazes,
gebanbdéias pernesti sintetines grupes nuo atitinkamy sintetiniy kofaktoriy ant DNR. Sios sintetinés

modifikacijos tada gali biiti detektuojamos naudojant nanopory sekoskaitos metoda.

Modifikacijy detekcijos patikrai buvo atrinkti peliy genai dalyvaujantys peliy neurogenezéje
embriono vystymosi metu. Sio darbo buvo siekiama jvesti sintetines modifikacijas j peliy geny
fragmentus. Tam atlikti buvo uZsibréZti trys tikslai: optimizuoti pelés geny fragmenty PGR salygas;
atrinkti PGR produktus pagal iSeiga ir kokybe ir jvesti sintetines bei natiiralias modifikacijas; paruosti

PGR produktus nanopory sekoskaitai ir modifikacijy detekcijai.

PGR produkty iSeiga ir specifiskumas buvo geriausi amplifikuojant pasirinktas trumpesnes
geny promotoriy sritis. Optimizuoty reakcijy metu PGR produktai buvo jsotinti nataraliomis (mC ir
hmC) arba sintetinémis modifikacijomis arba abejomis kartu. Galiausiai, sintetinés modifikacijos buvo
tikrinamos nanopory sekoskaitos metodu jvairiomis sglygomis. Pastebéta, kad siekiant efektyviau
nustatyti sintetines DNR modifikacijas ir jas atskirti nuo nattraliy, reikia papildomai optimizuoti

modifikavimo reakcijas ir patobulinti sintetines DNR modifikacijas nustatantj nanopory model;.



VILNIUS UNIVERSITY
LIFE SCIENCES CENTER

Zainab Shour
Synthetic Modification of Mouse Genome Fragments

Master Thesis

SUMMARY

DNA is furnished with a variety of epigenetic modifications conferring an alternation in gene
expression during development and beyond. To enhance and supplement current knowledge on how
genomic methylation is established and maintained during development, senescence, and disease, it is
essential to track methyltransferase activity. Therefore, one method to employ is the modification of
Cytosine bases using engineered MTases capable of attaining synthetic groups from their
corresponding synthetic cofactors. Further, detection of said modifications by nanopore sequencing
would be advantageous for more extensive, higher-throughput research.

Therefore, this project aimed at synthetically modifying murine gene fragments to train and test
nanopore detection of synthetic cytosine modifications. The genes selected are of murine origin with
some implications in mouse neurogenesis during embryonic development. Three objectives were set in
place to be met. Firstly, the optimization of PCR conditions for the gene fragments. Secondly,
modifying the selected PCR products, having the highest quality and yield, with synthetic and natural
modifications. And finally, nanopore sequencing of selected modified fragments with direct

modification detection.

Results revealed high and mostly specific PCR product yields when amplifying the selected
gene promoter regions. With regards to optimizing the synthetic modifications, it was achieved to produce
selected fragments with either natural (mC and hmC) or synthetic modifications, and all in combination.
Finally, detection of the synthetic modifications was validated upon nanopore sequencing with varying
degrees of base-calling confidence and reads coverage. We drew from these results that further
optimizations would be required for the PCR and modification reactions, in addition to further training of

the nanopore sequencing algorithm for more consolidated identification of synthetic modifications.



INTRODUCTION

DNA sequences carry information for the development, growth, and functioning of organisms.

The information is dictated by the nucleotide sequence inherited through reproduction. In addition to
the sequence, epigenetic modifications also dictate the expression of this information (Tate & Bird,
1993). While different modifications encompass DNA, RNA, and Proteins across all life forms, the
most widely explored epigenetic DNA modification in mammals is 5-methylcytosine (5mC) . For such
a modification to be generated, cofactor S-Adenosyl-L-methionine (SAM) donates -CHs group to a
DNA Methyltransferase (MTase), which in turn deposits the group on the fifth position of cytosine ring
in a specific DNA sequence. Generally, methylation in mammals is predominantly occurrent at CpG

dinucleotides of somatic cells (Menezo et al., 2020).

Put simply, enzyme families upholding their responsibility in DNA methylation include the
writers, for establishing methylation; erasers, for removing methylation; and readers, for recognizing
methylation and ultimately influencing gene expression (Moore et al., 2013). Ultimately, the role of
DNA methylation has established itself as vital for embryonic mammalian development. Such a
function is due to the change in gene expression conferred by the modifications. Some of the most
highlighted roles of mC include its general association with repression of transposons and genes when
located in promoter regions, while it’s associated with active transcription when found within gene
bodies (Hellman & Chess, 2007; Lorincz et al., 2004). Their prevalence hinders the binding of
transcription factors and hence the transcription of the respective gene body, thus silencing genes in a
cell and tissue-type specific manner (S.-M. Yang et al., 2013).

There are various methods that could be employed in order to unravel the methylation pattern in
regions of interest in elucidating the mechanisms of gene expression. While each method has its own
utility depending on the objective to be achieved, the methods would fall short in addressing the minute
contributions of MTase modifications due to the overlapping interplay amongst them (Okano et al.,
1999).

Therefore, advancements Next-Generation Sequencing (NGS) have shown promising
employability in the detection of mC or 5-hydroxymethylcytosine (hmC) (Tse et al., 2021). However,
natural modifications are known to be poor reporters and are difficult to further amend with reporters
(Tomkuviené et al., 2019). Therefore, synthetic modifications are a prospective solution at harnessing
the biotechnological potential of MTase activity tracking (Stankevicius et al., 2022). Therefore,



engineered MTases with compatible synthetic cofactors are harnessed for the deposition of synthetic
groups onto Cytosine. Other than the applicability of such synthetic groups in being further derivatized
with various techniques of marked tracking in vivo, they also have the potential of being directly
identified by third-generation sequencing, such as nanopore (Barros-Silva et al., 2018).

Therefore, this project aimed at synthetically modifying murine gene fragments to train and test
nanopore detection of synthetic cytosine modifications. The genes selected have implications in mouse
neurogenesis during embryonic development (FATZ1; Sfil; H1fnt; TMEMZ267; Gm26917).



AIMS AND OBJECTIVES
Project aim:

To prepare PCR-amplified mouse genome fragments with natural and synthetic modifications for

training and testing the nanopore sequencing with direct modification detection.

Project objectives:

1- Optimize the reaction conditions for PCR amplification of murine gene fragments: FAT1; Sfil,
H1fnt; TMEM267; Gm26917.

2- Utilize the optimized PCR products for the optimization of several modification reactions,
including: Butynyl-, Octadiyn-, Hexynazide-, Hydroxymethylation and Methylation.

3- Validate the direct detection of modifications by library preparation and nanopore sequencing

of the prepared modified samples.



1. LITERATURE REVIEW

DNA modifications are one of the main epigenetic mechanisms which regulate gene expression in
both plants and animals. DNA methylation indicates the attachment of a methyl (-CHs) group at, most
often, 5’-carbon of the pyrimidine ring(Boyes & Bird, 1991). In addition to methylation of cytosine
residue, other modifications such as oxidation of methylated cytosine (mC) to 5-hydroxymethylcytosine
(hmC), 5-formylcytosine (5-fC), 5-carboxylcytosine (5-caC), and methylation of adenine (A) to N6-

methyladenine (6-mA), have been identified as participants of epigenetic pathways.(Montero et al., 1992)

1.1.  Methylation and other DNA modifications

Methylation of the cytosine base plays such a vital role as the most abundantly modified base of the
genome to an extent of being deemed the fifth base (Montero et al., 1992). Since the covalent attachment
of methyl on the cytosine of CpG sites is the most abundant DNA modification in the vertebrate genome,
it plays a pivotal role in directing development and gene regulation. Notable exceptions to this pervasive
genomic methylation are gene regulatory regions such as CpG-rich promoter elements, also known as

CpG islands, and active enhancers that are often associated with little or no DNA methylation.

Given that epigenetic regulation is a complex mechanism, it is essential for cells to have numerous
machinery involved in the modulation and regulation of said modifications; the enzymes in question are

categorized into: “writers”, “readers”, and “erasers” (Nicholson et al., 2015).

Writers

DNA methylation is mediated by the DNA methyltransferases (DNMT) family, primarily
focusing DNMT1, DNMT3A, and DNMT3B. DNMT1 is deemed as a maintenance methyltransferase
which faithfully propagates methylation patterns across DNA during replication. Its fidelity relies on
copying said pattern from the parent strand to the newly synthesized daughter strand; hence, exhibiting

a strong affiliation to hemi-methylated DNA (Nicholson et al., 2015).

On the other hand, DNMT3A and DNMT3B are deemed as de novo DNA MTases. They are
responsible for the establishment of DNA methylation patterns anew. While those MTases were believed
to have redundant functionalities, researchers proved otherwise. Knockout of either one of the
corresponding genes led to embryonic lethality, establishing the vital role they separately play in
embryogenesis (Liao et al., 2015). It has been revealed that loss of DNMT3B in establishing de novo

methylation leads to an impairment in placental labyrinth and eventually mid-gestation embryonic
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lethality (Andrews et al., 2023). However, DNMT3A differentiates its functionality since its knockout
leads to embryonic lethality at different stages of development than the aforementioned counterpart.
However, when capitalizing on the vitality of DNMT1 functioning in proper regulation of DNA
methylation at imprinted genes, it has been revealed that partial mutations or severe loss of function in
the MTase in question has an inevitable influence on abnormal development, even to the extent of

embryonic lethality (Zwier et al., 2012).

Readers

The recognition of epigenetic modifications is mediated by the “readers.” Since DNA methylation
plays a role in gene expression (to be discussed further on), reader proteins mediate this expressional
change by recognizing mC sites. This recognition is conferred by methyl-CpG-binding proteins (MBPSs)
which initiate the silencing of the region in question by recruiting factors involved in chromatin
compaction and directly blocking transcription factor binding. It has recently been revealed that there are
proteins that can recognize other forms of modifications, hmC and 5fC. Methyl-CpG-binding domain
protein 3 (MBD3), Methyl-CpG-binding domain protein 2 (MeCP2) have been reported to preferentially
bind to hmC as compared to 5mC.(Frauer et al., 2011; Mellén et al., 2012; Yildirim et al., 2011)

Erasers

While DNA methylation was once thought to be semi-permanent, due to dilution during DNA
replication, quite the opposite was revealed with the “erasers” (Nicholson et al., 2015). Erasers’
functionality encompasses modifying the epigenome by vyielding other cytosine modifications,
influencing gene expression, and active removal of epigenetic marks by the ten-eleven translocation
(TET) family of proteins. (A. Y. Yang et al., 2016)

TET proteins (TET1, TET2, and TET3) are able to oxidize mC to hmC, as well as further
oxidation producing, 5fC and 5caC (Figure 1.1). TET1 is involved in the erasure of imprinting marks in
primordial germ cells . While, TET2 has pleiotropic roles during hematopoiesis through, at least in part,
modulation of DNA methylation. TET3, meanwhile, is essential for the active erasure of paternal DNA
methylation marks in the zygote, an important reprogramming event during preimplantation
development. (Rasmussen & Helin, 2016) Generally, TET enzymes have shown to be vital for the

completion of embryonic genome activation.(Arand et al., 2021)
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Figure 1.1. Methylation-demethylation cycle cytosine in DNA. (Ravichandran et al.,

2017)

The successive oxidation of mC, while being on one part responsible for the production of
unmodified cytosine, implicates yielding intermediate products of epigenetic modifications.

TET, BER, and MTases in DNA Modification Formation

As aforementioned, CpG methylation is dictated by DNMTs utilizing S-adenosyl-L-methionine
(SAM) as a cofactor. Reiterating that there are two pathways highlighted with regards to the production
of CpG methylation patterns: (1) De Novo Establishment; and (2) Maintenance.

De novo establishment of the methylation pattern will be highlighted to be dependent upon the
DNMT3 family of enzymes, as aforementioned. DNMT3A and DNMT3B function together in
developing the initial pattern of methylation during the earliest stages of embryogenesis. However, while
they are of somewhat similar structure, they have distinct preferentiality of function. DNMT3A is critical
for methylation of single-copy genes and/or regions undefined by “long stretches of CpGs” to be
methylated and is believed to be ubiquitously expressed. On the other hand, DNMT3B is not as
ubiquitously expressed as its counterpart in differentiated cells, but rather targets highly repetitive and
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long stretches of CpGs; thus, believed to play a more vital role of de novo methylation during
embryogenesis. One additional enzyme belonging to the family which is believed to regulate de novo
methylation during earlier phases of development is DNMT3L; in X chromosome inactivation, as well
as imprinted and retrotransposon loci. However, it’s worthy to mention that DNMT3L is not catalytically
active in establishing de novo methylation itself but rather regulates the mechanism by interacting with
both DNMT3A and DNMT3B, stimulating their enzymatic activity (Veland et al., 2019).

However, the maintenance of the methylation pattern is more dependent upon DNMT1. During
DNA replication, the newly synthesized daughter strand has to maintain the methylation pattern as the
parent strand in order to consolidate the phenotypic and biological expression. Through facilitated
cooperation with Ubiquitin-like, containing PHD and RING finger domains, 1 (UHRF1) protein that
recognizes hemi-methylated CpGs, DNMTL1 preferentially binds to the region in question and restores

the methylation pattern on the newly synthesized daughter strand (Newkirk & An, 2020).

Nevertheless, demethylation can take on two trajectories. The first entails passive demethylation
of DNA during replication. In this case, DNA methylation is lost on the DNA strand opposite to that
which is hemi-methylated, thus inducing a loss of methylation. However, when considering the second
possible trajectory, it entails the active demethylation by the TET/TDG(thymine—-DNA-
glycosylase)/BER (base excision repair)-dependent pathway. mC could be subject to oxidation by TET
to produce, as aforementioned, hmC, 5fC, and 5caC. TDG component of the BER pathway excises 5fC
and 5caC, thereby yielding an abasic site, it’s repaired by BER, and restoring the unmodified form of
cytosine. (Drohat & Coey, 2016; Wu & Zhang, 2014)

A noteworthy phenomenon entails the spontaneous hydrolytic deamination of mC into Thymine (T).
This results in a base mismatch that could be repaired by redeeming the original C or substituting the
Guanine (G) across from T into Adenine (A). Thus, inducing a point mutation from C:G to T:A. (Cooper
et al., 2010; Yebra & Bhagwat, 1995).

1.2.  Role of DNA Methylation in Gene Expression

Epigenetic modifications have proven to not only enable cells to inherit the genetic code, but also
in further altering the expression of the encoded information (Gibney & Nolan, 2010). Generally,
epigenetic modifications induce changes in gene activity, whether it be expression or inhibition. While

gene expression entails a delicate multi-level meshwork of complex processes, a specific set of
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mechanisms as proceeded with below. There are generally three mechanisms most postulated on the

influence of methylation in gene expression:

1- DNA methylation of promoter regions affecting Transcription Factor (TF) binding
2- Recruitment of Methyl-CpG binding proteins and remodeling chromatin

3- DNA methylation within gene body impacting transcription.

Regulation of Gene Expression - DNA methylation of promoter regions affecting TF binding

It is believed that around 70% of the promoters of the human genome contain CpG islands
(Saxonov et al., 2006). The postulation is that methylation of the islands prevents the binding of the
transcription factors onto gene promoters, inducing a transcriptional repression, and thus, silencing gene
expression. It’s worth mentioning that CpG methylation could sustain gene repression, even beyond the
binding site of the transcriptional factors (Tate & Bird, 1993).

However, the disruption of transcriptional factor binding by methylated CpGs isn’t the only
method of gene expression control. It is suggested that DNA methylation by exploring the mechanism
of action between DNMTs and transcription factors. An interaction between the aforementioned parties
is believed to induce a site-specific methylation at promoter regions. This site-specific methylation would
either further influence the action of transcriptional machinery or alter the chromatin structure, essentially
influencing gene expression either way (Hervouet et al., 2010).

Regulation of chromatin structure by recruitment of methyl CpG binding proteins

Another mechanism in which DNA methylation regulates the repression of gene expression is
through the recruitment of MeCPs. One of the first identified of the proteins is MeCP1 which is able to
mediate the repression through directing the deacetylation of histones to areas of methylated DNA
(Boyes & Bird, 1991). On the other hand, MeCP2 preferentially binds mCpG and through an interaction,
recruits chromatin-modifying complex mSin3A and histone deacetylase, thus, uniting their repressive
functions on gene expression (Nan et al., 1998). Further identification of four additional proteins with
the same methyl-CpG-binding domain (MBD) led to the implication of those protein in playing a critical
role of mediating the interaction between DNA methylation, histone modifications, and chromatin
restructuring (Cross et al., 1997; Hendrich & Bird, 1998).

In eukaryotic cells, DNA and histone proteins form chromatin, and it is in this context that

transcription takes place. The core histones, being highly conserved basic proteins with globular domains
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around which the DNA is wrapped with relatively unstructured flexible ‘tails’ that protrude from the
nucleosome. The tails are subject to a variety of post-translational modifications (PTMs). PTMs directly
affect the structure of chromatin, regulating its higher order conformation and thus acting in regulating
transcription, in a cis manner/effect. Moreover, attract certain effector proteins to the chromatin in a trans
manner/effect. Therefore, the chromatin structure can modulate gene expression at a distance through

looping, nuclear matrix association and nucleosome positioning (Skinner, 2011).

DNA Methylation Within Gene Body Impacting Transcription

Generally, DNA methylation is associated with gene transcriptional repression. However, this is
believed to more likely be true in promoter methylated regions (Bommarito & Fry, 2019). While there is
some evidence to suggest that intragenic methylation in also associated with transcriptional repression
(Lorincz et al., 2004), there is also some counter evidence that it’s associated with gene activation. An
example of the former is considering X-inactivation. Both inactive and active X chromosomes have
dissimilar methylation patterns. However, looking deeper into the said patterns, inactivated X
chromosome is characterized by promoter hypermethylation, while activated X chromosome is
characterized by dense methylation within its gene bodies (Hellman & Chess, 2007). Implications of an
increase in gene expression given gene-body methylation isn’t restricted to X chromosomal activation
but also within a range of cell and tissue types (Aran et al., 2011; Jjingo et al., 2012; Pfeifer & Rauch,
2009).

The functions of the various epigenetic marks and factors are distinct. DNA methylation has a
role in early development to help establish early cell lineages (e.g., stem cells) and can regulate the

activity of promoters and general genome regions (e.g., repeat elements) (Kazazian, 2004).

1.3.  Role of DNA methylation in mouse development

Considering the implications of methylation in the activation and repression of genes, its
implications become apparent with regards to mammalian embryonic development. The emanation of
tissue heterogeneity of a developing organism is dependent upon amenable methylation patterns during
development. Some of the most widely explored mechanisms of DNA-methylation-based silencing
include X-inactivation, imprinted genes, and germline specific genes (Hellman & Chess, 2007).
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Genomic Imprinting

In the two developing germlines, genomic imprinting will confer the establishment of differential
methylation patterns withstanding the proceeding reprogramming that takes place during early
embryogenesis (further explained) (Bajrami & Spiroski, 2016). There are around 20 genomic regions
known as imprinting control regions (ICRs) in the mouse and human; since the said regions withstand

reprogramming, they enforce a monoallelic expression(Arnaud, 2010).

Embryogenesis

However, during embryogenesis, the DNA of cells in a developing organism undergo “several
waves of DNA methylation and demethylation”. The first demethylation event occurring after
fertilization, within the maternal genome, is implicated with a passive, replication-dependent manner.
However, the paternal genome would be subject to a rapid and active demethylation process prior to
DNA replication and cellular division (Mayer et al., 2000).

Neurogenesis

It has been revealed that DNA methylation in neurons occurs within regions of low CpG densities
rather than CpG islands; contrary to revelations in exploring genomic stability, genomic imprinting, and
X-inactivation (Guo et al., 2011). In the central nervous system of the embryonic mouse, Dnmt1, the
counterpart of DNMT1 found in humans, is ubiquitously expressed in both proliferating neural

progenitor cells and differentiated neurons (Goto et al., 1994).

A mutation or abnormality of functioning any of the mice Dnmts could lead to serious developmental
abnormalities and/or embryonic/postnatal lethality (Li et al., 1992; Okano et al., 1999). Specifically, a
knockout or deletion of Dnmt1 could lead to a degree of hypomethylation that confers a non-repressed
gene, leading to premature glial differentiation (G. Fan et al., 2005). With regards to Dnmt3a, mice
experiencing a deletion of the said gene would survive birth but suffer from postnatal

neurodevelopmental impairment (Nguyen et al., 2007).
1.4, Methylation Modulation Implication in Genes of Murine Development and Neurogenesis

FAT1

FAT1 atypical cadherin is a member of the cadherin superfamily. It’s one of four members whose

role was explored in mouse embryonic neurogenesis. It plays a crucial part in the development of the
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vertebrate neuroepithelium, while its knock-out in mice led to the manifestation of severe neurological

phenotypes, highlighting the crucial role of its expression (Ahmed, 2015).

Sfil

Sfil centrin binding protein gene’s expressional change had led to postulation on its involvement in
neurodevelopmental disorders of mice, including copy-number variation in autism disorder (Segurado et
al., 2005); it is known to be upregulated in the young brain while downregulated in the older (Trent et
al., 2014). The differential methylation pattern in Sfil’s promoter region influencing neurogenesis,

revealed an implication in its involvement in neuronal development and differentiation (Saenz-de-Juano
etal., 2019).

H1fnt

H1fntis H1 histone family, member N, testis-specific, acting as an essential gene product required
for proper DNA condensation and cell reconstruction during the elongation phase of spermiogenesis (Lin
et al., 2000). Previous investigations on H1 linker histones explored their DA regulatory role in the
context of methylation. Results revealed, through a triple knockout, that histone H1 acts as a silencer of
gene expression by two mechanisms. One of which involves a direct interaction and recruitment of
DNMT1 and DNMT3B. Another of which involves the inhibition of SET7/9 (a methyltransferase which
could catalyze the methylation of a variety of proteins) binding and methylation of H3K4 (Daks et al.,
2022; S.-M. Yang et al., 2013).

Additionally, other investigations took to investigating the elimination of the many subtypes of
H1 histone genes. An elimination of a single subtype of HI genes didn’t noticeably hinder mouse
development, suggesting an upregulation in the remaining subtypes compensates for a lack thereof.
However, the concomitant elimination of three different subtypes exhibited embryonic lethality,
suggesting the vital role the H1 family plays in mammalian development (Y. Fan et al., 2003). However,
there is a discrepancy on detailing the involvement of the said family in its involvement of regulating

neurogenesis of mice (Kishi et al., 2012).

TMEM267

TMEM267 encodes a transmembrane protein prominently known for its expression in the medial
ganglionic eminence. It has been revealed that the methylation pattern at the 5” region of the gene plays

a powerful role in the maintenance of intestinal homeostasis by controlled expression of Aldhlal when
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considering epigenetic aberrations and their relatedness to major psychiatric diseases through gut and

microbiome alternations (Nohesara et al., 2023).

Gm26917

Gm26917 is a IncRNA believed to be regulated by FoxM1 and acts as a competing endogenous RNA
source which accelerates the apoptosis of muscle satellite cells (Chen et al., 2018). However, while
FoxM1 has already proven to play a vital role in the regulation of neural progenitor fate during spinal
cord regeneration, this does not directly correlate with the inclusivity of Gm26917 in such a neurogenesis
mechanism. Rather, Gm26917 exhibited to have an interaction network with seven Autism Spectrum
Disorder-related genes, encouraging further exploration on its mechanisms to the nervous system
(Mizuno et al., 2020).

1.5.  DNA Methylation detection

Since it’s already been mentioned that DNA modifications elicit changes in expression that could
precede the development of various pathological conditions, it’s vital the modification status of said
DNA is profiled to reveal the underlying mechanisms of disease and development.

One of the many implications in unravelling the methylation pattern within an organism is to reveal its
involvement in a myriad of biological processes. Some of which include fear-related memory explored
in rats, revealing that the behavior was dependent on de novo methylation (Bali et al., 2011). Another of
which pertains the discovery of 353 epigenetic markers (CpG methylation) related to the biological clock
and its role in tissue aging (Horvath, 2013). Moreover, it has already been marked how epigenetic
modifications are flexible under environmental conditions including diet, stress, toxicity, etc. One
prominent retrospectively explored example is the winter famine of WWII where regions and populations
facing a severity in food deprivation (i.e., nutritional) exhibited a higher susceptibility to diseases such

as schizophrenia, obesity, etc (Kim, 2005).

Additionally, methylation has become a targeted mechanism of exploration of disease
development in human beings ranging from cancers, autoimmune disorders, neurological disorders, and
even disease severity (Aberg et al., 2012). Considering the influence of changes in methylation patterns,
it has already been implicated in diseases cancer patients the considerable effect of hypermethylation in
promoter regions of tumor suppressor genes inducing the inactivation in numerous tumor suppressor
functions (Kim, 2005). Thus, further solidifying the significance in unravelling the modification patterns

through a number of methods.
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There are various techniques and methods effective enough for the detection of DNA
methylation. methods include, but are not restricted to, conversion-based methods, anti-body-based
assays, third generation sequencing, and so on. Given the variety of DNA methylation detection, it’s safe
to say that each have their own advantages and/or disadvantages depending on the suitability on choice

of method and the intended purpose of application.

Conversion-Based Methods

With Bisulfite sequencing, Cytosine is converted to uracil from being treated with sodium
bisulfite, whereas methylated cytosines will not be affected. However, bisulfite sequencing is known to
damage DNA. While bisulfite sequencing is a gold standard of revealing methylations status at a single-
base resolution, it’s still a rather expensive and crude method as it results in extensive DNA degradation
and obstructed genomic mapping of sequencing reads due to the conversion of canonical cytosines into
thymine. Taking that into consideration, whole-genome bisulfite sequencing amplifies the discrepancy
of read mapping between the original genomic sequence to be profiled and that of the conversion’s
product. The quantitative assessment of the DNA strand’s degree of methylation is measured by
determining the ratio of T and C. Thus, providing a simple reaction protocol assuring reproducibility and
accurate measurement (Delaney et al., 2015)

Pyrosequencing is another method that depends on the bisulfite conversion of DNA. Once treated
and converted, the method would entail the quantitative measurement of NDA methylation levels in a
sequencing-by-synthesis method, monitoring the real-time released proportional light signal of the

incorporated nucleotide (Delaney et al., 2015).

Another method which depends on the bisulfite conversion of DNA is Methylation-specific
(MS)-PCR. The method relies on the said conversion, and then PCR amplification of the DAN by
utilizing two sets of independent primers. One pair would be specifically designed to amplify the
methylated sequence, while the other would amplify the bisulfite-converted unmethylated sequence. One
the amplicons produce the expected sizes, this is indicative of the methylation status of the original DNA
sample (Huang et al., 2013).

Antibody-based assays

Moreover, with Microarray hybridization, it was one of the very first applied technologies
upscaling the DNA methylation studies onto a genome-wide level. While there are many types of

genomic microarrays, the offerings are dependent upon the designed and selected microarray.
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Considering, Methylated DNA immunoprecipitation (MeDIP), this this method, the DNA
fragments are immunoprecipitated via an antibody (AB) raised against 5-methylcytosine; to improve the
binding affinity the DNA strands are subject to denaturation and rendered single-stranded (Jacinto et al.,
2008). The methylated DNA bound to the AB complex is separated from the rest of the DNA fragments,
leaving the enriched methylated DNA to be purified. This method is relatively known to be an unbiased
approach for the detection of methylated DNA (Borgel et al., 2012). However, a limitation of the method
is the typical dependency on the enrichment of modified cytosines, which may underrepresent regions of
lower modification densities (Mohn et al., 2009). And also is has limited resolution, which is not single-

base.

However, Human MethylationEPIC BeadChip is an array ideal for epigenome-wide association
studies, various experimental biological applications, and even tumor profiling. While Illumina offers a
murine-specific version of the array, Mouse Methylation BeadChip. On the other hand, Hpall tiny
fragment enrichment by ligation-mediated PCR (HELP) is an assay that serves to have a more positive
representation of hypomethylated regions, overcoming the technical drawback of requiring
hypermethylated regions pronouncing detection (Oda & Greally, 2009).

Breaking away from more conventional methods of methylation pattern profiling, a relatively
new and alternative method which enables profiling on an epigenome-wide level is Tethered
Oligonucleotide-Primed sequencing (TOP-seq). The method relies on the covalent tagging of individual
unmodified CpG sites, followed by in situ non-homologous priming of the DNA strand synthesized from
a tethered oligonucleotide by a DNA polymerase. This enables the direct production of adjoining regions
for their sequencing and precise genomic mapping (Stasevskij et al., 2017).

Direct detection by third-generation sequencing

While conversion-based next generation sequencing methods are more widely adopted, third
generation sequencing analysis allows for the detection of DNA modifications without previous chemical
conversion. The following methods are an attempt at overcoming the drawbacks of conversion-based
ones given the inconsistency in conversion efficiency and, at times, inaccurate alignments of altered

sequences to that of the reference (Barros-Silva et al., 2018).

SMRT sequencing is a method of assessing modified-cytosine bases without any preparatory
chemical/enzymatic requirements; be it conversions and/or PCR amplifications (Tse et al., 2021).

Sequencing by synthesis doesn’t detect modified-cytosine, perse, but rather the accumulating influence
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of mCs on the kinetic signal changes of the DNA polymerase (Zhang et al., 2024). However, some

sources site a lower sensitivity of mC, undermining the actual level of modified bases (Clark et al., 2013).

Oxford Nanopore Technologies (ONT) overcomes a myriad of the drawbacks innate to indirect
mC detection methods. The process entails the passage of single DNA molecules through a voltage-based
nanopore sensor. The voltage-based nanopore sensor then detects the background ionic current
alterations of each base in the traversed DNA molecule.(Rang et al., 2018) Differentiation between
modified and unmodified bases is achieved by the distinctive patterns of electric currents registered by
the sequencer (Y. Liu et al., 2021).

The differences in detection occur after nanopore read base-calling and alignment in comparison
to an in silico reference or the background pattern from an unmodified control sample.; as well as pre-
trained learning models can be used. Applying the aforementioned principle into the question of detecting
synthetic base modifications, ONT already allows for a commercially available algorithm, subject to
machine learning and training to detect any DNA modifications of interest (Q. Liu et al., 2019).

ONT has attempted to improve the nanopore chemistry several times as a means of increasing the
accuracy of the single-molecule, long-read sequencing. ONT releases new versions of flow cells, taking
into consideration an improvement in sequencing accuracy, simplified workflow and rapid sample
preparation protocols. Integrating advancements as well in base calling algorithms, generation of long

reads, and the collection of much larger datasets (Mostafa, 2024).
1.6.  Synthetic DNA Modifications:

The available spectrum of synthetic DNA modifications

As previously mentioned, the modification patterns of DNA confer an expressional change
characterized by the combinatorial influence of said modifications. In order to linearize the link between
distinct modifications and their elicited effect, DNA could be furnished with reporter tags that enable the

visualization and isolation of distinct regions at specific loci of interest.

Reconsidering that MTases catalyze the transfer of a methyl group from the cofactor SAM. While
it’s involved in numerous essential biochemical processes in living organisms, the transferred methyl
group is characteristic of poor reactivity which impedes detection (Lukinaviéius et al., 2007) A
particular approach of overcoming such quality, is based on the replacement of the original sulfonium-

bound methyl group of SAM with an extended transferrable sidechain, yielding an SAM analog. The
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replacement of SAM by an aliphatic carbon chain includes a myriad of synthetic analogs, including an
allylic system, a propargylic system, or an aromatic ring. Such development of sidechain-activated SAM
analogs gave rise to a new approach of labeling deemed methyltransferase-directed Transfer of Activated
groups (MTAG) (reviwed in Tomkuviené et al., 2022).

However, in order to overcome the compatibility issue between natural MTases and the synthetic
transferrable groups of the corresponding cofactor analogs, natural MTases are engineered to
accommodate the said transferrable groups, giving rise an engineered Mtase (eMTase)(Tomkuviené et
al., 2019). A few of eMTases have been developed, capable of depositing the synthetic groups based on
the natural MTase’s originally recognized sequence. Per example, eM.Hhal, with a recognition sequence
of GCGC, has exhibited compatibility with the following propargyl-based analogs (and the transferrable
group): AdoButyn (Butynyl-), Ado-6-amine (Hexynamine-), Ado-6-azide (Hexynazide-).

Biotechnological Applications of Synthetic modifications

Synthetically modifying Cytosine prompts several biotechnological applications that aid in
overcoming the innate shortcomings of natural modifications. Such shortcomings could be noted in the
fact that DNMTs are in fact segregated in their functionality; however, the interplay amongst them
remains heavily elusive. Additionally, naturally modified bases are unfortunately poor reporters,
especially in DNA sequencing-based methods, and do not have the capacity to be appended with
detectable derivatives (Tomkuviené et al., 2019). Therefore, there are various applications for synthetic

modifications in serving to further linearize the mechanisms of natural modifications and their regulation.

One application exploits the advancements in individual fluorophore optical detection that
enables a determination of the physical location of fluorescently labeled target sites. This renders a nick-
free optical map (OM) displaying the distribution of target sequences within the genome. Moreover, OM
of MTAG, utilized for covalent tagging of DNA and RNA, has demonstrated potential utility in virus or
macro-satellite genotyping. Another application exploited the innate blocked activity of MTase at mC
modified bases by engineering M.Sssl in biotin-labeling unmodified bases in a two-step process. This
application is followed by NGS, rendering the “unmethylome” (Kriukiené et al., 2013). This application
was further amended with the attachment of a DNA oligonucleotide, eventually deemed TOP-seq, which
was validated in human tissue and cancer cell line whole-genome epigenetic profiling (Stasevskij et al.,
2017).
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Moreover, M.Sssl-directed tagging of hmC enabled the selective covalent capture of hmC-
modified CG sites, through the utilization of cysteamine and succeeded amine-selective biotin labeling
(Liutkeviciuté et al., 2011). Similarly, this tagging method was applied to demonstrate photochemical
biosensor for hmC quantitation as a proof of principle by M.Hhal-directed labeling (Z. Yang et al., 2016).

Applications of Synthetic modifications in vivo

However, in vivo applications of such techniques are also essential in transposing their utility.
Stankevicius et al. replaced one of the three natural MTases by sterically engineering a biorthogonal
MTase-Cofactor pair capable of covalently and selectively tagging respective targets in live mouse
embryonic stem cells (MESC). This was followed by TOP-seq read-out of the genomic positions with
the chemical tags. The data revealed eMTase transalkylation rates, with Ado-6-azide cofactor, was
almost synonymous with that of wtMTase. Additionally, showing high efficiency in transferring
propargylic groups (inclusive of AdoButyn cofactor) (Stankevicius et al., 2022)

Ahigh-resolution genome-wide unmethylome profiling was produced by MTase-TOP-seq,
Stankevicius et al. moved towards taking a more detailed look at individual loci and weigh them up in
comparison to native mC patterns. The range of validated genes, which showed moderately modified
regions, include Sfil and H1fnt — the genes implicated in murine neurodevelopment. The findings were
also validated using Bisulfite sequencing (BS-seq). The aforementioned genes exhibited 30%—-40%
methylation coverage having good positional resemblance to that of TOP-seq data, nevertheless with a
significant deviation within the promoter regions (Stankevicius et al., 2022). Therefore, assessing these
regions and beyond by direct nanopore sequencing and modification detection is of our further scientific

interest.
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2.1.

2. MATERIALS AND METHODS

Fragment amplification for modification experiments:

PCR reactions were performed using purified mESC genomic DNA (153ng/ul) as a template and

either Phusion™ Plus DNA Polymerase or DreamTag DNA Polymerase (5 U/uL) reaction kits (Thermo

Fisher Scientific) according to manufactures’ protocols. Each gene had only one forward (Fw) primer

and two reverse (Rv) ones to produce different product lengths. Therefore, primers were designed to

enable the amplification of either the target promoter (Rv1) regions of the genes or the target promoters

along with downstream regions (Rv2) (Table 2.1.). As an exception, Gm26917 had one reverse primer.

The general trend proceeded with utilizing Phusion™ Plus DNA Polymerase for the amplification of

long Rv2 fragments and DreamTag DNA Polymerase for short Rv1 fragments.

Table 2.1. Gene fragments of interest, their forward primer, their two reverse primers, and the yielded

fragment size of respective primer

Gene Forward Primer (Fw) Reverse Primers (Rv) PCR
Product
Size (bp)
FAT1 CACTGCCCATGTATTCATT | 1: GCAGTAACATAGCGAATGAC | 1129
© 2: CATAGCCCACTGCTGTC 5386
Sfil GTACAAACGCAACGTGAG | 1: CCCACTAGTTTTCACTGTTC 826
2: GCCATCATATGGTTGCTG 7851
H1fnt CTTGATCTGGCACTTGAC | 1: CTCAAGAAGGAGCTGG 455
2: CTGCAAGAACTTCAGAGC 8726
TMEM267 | GCAGTCAGTGTTCTTAAC | 1: CACAAAGAGACCATGTCTC 1297
c 2: CAGGAAACGAGTATCATCC 7365
Gm GAégCATCTGTGATTAAG -: GATTTGAACTCCTGACCTTC | 6002
AA

Thermocylic conditions were varied according to Phusion Plus (Table 2.2) per the manufacturer’s

protocol. Melting temperatures (Tm) based on the primers were calculated using Thermo Scientific Tm
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Calculator (Tm Calculator - LT, n.d.) by selecting Phusion Polymerase specific option. While the

annealing temperatures (Ta) were calculated based on subtraction of 5 °C from Tm.

Table 2.2. Phusion Plus Cyclic Conditions of Gene Set

Cycle Step Temperature Time Cycles
Initial Denaturation 98 °C 30s 1
Denaturation 98 °C 5-10s 30 cycles
Annealing (Ta) Gene m Gradient | 30s
(Tm - 5°C) FAT1 Rv1:59.9°C | 55 °C
Rv2:59.9 °C
Sfil Rv1:59.5°C | 54.5°C
Rv2:59.5 °C
Hifnt Rv1:58.5°C | 53.5°C
Rv2:58.5 °C
TMEM267 Rv1:58.9°C | 53.9°C
Rv2:58.9 °C
Gm26917 Rv:59.9°C [54.9°C
Extension 72°C 15-30 s/kb
Final Extension 72°C 5-10 min 1

Similarly, DreamTaq cyclic conditions (Table 2.3) were per manufacturer’s protocol, with Tm

and Ta calculated based on selection of DreamTaq polymerase specific option.

Table 2.3. DreamTaq Cyclic Conditions of Gene Set (continued in page 26)

Cycle Step Temperature Time Cycles
Initial Denaturation 95°C 3 min 1
Denaturation 95°C 30s 30
Annealing (Ta) Gene m Gradient | 30s
(Tm - 5°C) FAT1 Rv1:59.9°C | 55 °C
Rv2:59.9 °C
Sfil Rv1:59.5°C | 54.5°C
Rv2:59.5°C
H1fnt Rv1:58.5°C | 53.5°C
Rv2:58.5°C
TMEM267 Rv1:58.9°C | 53.9 °C
Rv2:58.9 °C
Gm26917 Rv:59.9°C |54.9 °C
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Extension 72°C 1 min
Final Extension 72°C 5—15min 1
2.2. PCR Product Validation by Restriction Analysis:

DNA digestion using restriction enzymes (Table 2.4) was performed according to manufacturer

recommendations. The amount of purified PCR product utilized for restriction validation was ~50 ng,

equal to that of the non-cleaved control sample of each gene. While the minimum amount of modified

product restriction validation was ~30 ng.

Table 2.4. Restriction Enzymes Utilized with their respective buffer, objective in PCR or Modification

Product Validation, respective recognition sequence, and gene set applied to

10X Buffer R

Enzyme Object | Restriction Enzyme Recognition Site PCR Product
PCR Product | Lgul (5 U/uL) 5-GCTCTTC-3' FAT1 2; Gm26917
Validation 10X Buffer Tango
BamHI (10 U/uL) 5-GGATCC-3' Sfil_1; Sfil_2
10X Buffer BamHlI
Xmall (Avrll) (10 U/uL) 5'-CCTAGG-3' Sfil_1; Sfi1 2
10X Buffer Tango
Modification Hin6l (HinP11) (10 U/uL) 5’-GCGC-3’ FAT1 1; FAT1 2;
Validation Sfil 1; Gm26917;
10X Buffer Tango H1Fnt_1
Hpall (10 U/uL) 5’-CCGG-3’ FAT1 2; H1Fnt 1
10X Buffer Tango
Tail (Maell) (10 U/uL) 5’-ACGT-3’ Fatl_1; Sfil_1;
H1Fnt 1
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Validation of PCR Products in Gel Electrophoresis

1% Agarose gel electrophoresis in 1X TBE buffer (90mM Tris-base (Fisher Scientific, 10667243),
90mM boric acid (Carl Roth, 5935.2), 2mM EDTA (Carl Roth, 8040.2), pH=8 regulated with NaOH
(Honeywell, 38215). The gel electrophoresis was set to run for a standard duration of 35 - 45 minutes at
150V with 350A. Samples whose corresponding restriction buffer was transparent were dyed with
Orange DNA Loading Dye (6X) (Fisher Scientific, R0631) prior to gel loading. Band sizes were
evaluated with loaded O’GeneRuler (Fisher Scientific, SM1163).

2.3.  DNA Modifications

Synthetic Modification

The modification reactions included the deposition of the synthetic groups with their
corresponding cofactors, Butyn group along with AdoButyn cofactor (7OmM); Octadiyn group along
with AdoOctadiyn cofactor (42mM); Hexynazide group along with Ado-6-Azide cofactor (42mM). The
types of buffers were attempted correspondingly with the synthetic methyltransferases, CutSmart Buffer
along with eM.HhalQN (109 uM); and M.Sssl Buffer along with eM.SssIQN (11.3 uM).

Preparation of Synthetically Modified Samples

To prepare synthetically-modified samples at GCGC target sites, the purified PCR products were
supplied with eM.HhalQN (109 uM) MTase (Final Concentration Cs = 1% of final reaction volume),
LuxS (754 mM) (Cs = 1% of final reaction volume), MTAN (478 mM) (Cs = 1% of final reaction volume),
CutSmart Buffer, and Milli-Q water up to total reaction volume. The supplied cofactor was supplied
according to the desired modification outcome AdoButyn (70mM) (Ct = 0.5 % of final reaction volume),
AdoOctadiyn (42mM) (Cs = 1% of final reaction volume), or Ado-6-Azide (42mM) (Cs = 1% of final
reaction volume), for the deposition of either Butyn, Octadiyn, or Hexynazide, respectively. Samples
were incubated for a period of 3 hours at 37 °C. Incubation time was followed by deactivation for a
period of 20 minutes at 65 °C.

hmC Modifications

In the case of sole hmC modification on the target fragment, CpG Methyltransferase (M.Sssl)
(Thermo Scientific™, EM0821) was utilized, 10X M.Sssl buffer, 10% of total reaction volume of
Formaldehyde (diluted to 1:100 ratio with Milli-Q water from stock concentration) and Milli-Q water up
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to the total reaction volume. The samples were incubated at room temperature in the dark in a range of

at least 2 to overnight incubation and deactivated at 65 °C for 20 minutes.
mC Modifications

In the case of sole mC modification on the target fragment, CpG Methyltransferase (M.Sssl) was
utilized along with SAM cofactor (Cs = 2% of final reaction volume) according to manufacturer
recommendations (Thermo Scientific, EM0821), and Milli-Q water up to total reaction volume. Samples
were incubated for 15 minutes at 37 °C according to manufacturer protocol. Incubation time was

followed by deactivation for a period of 20 minutes at 65 °C.

In the case of mC maodification following hmC modification, SAM cofactor was added (Cr = 2%
of final reaction volume) into the reaction mixture. Samples were incubated for a period of 20 minutes
or up to 1 hour at 37 °C. Incubation time was followed by deactivation for a period of 20 minutes at 65
°C.

Proteinase K treatment

Proteinase K treatment was performed in a reaction of 1% Proteinase K, along with 0.1% SDS,
and Milli-Q water up to 100ul. The incubation period was 1 hour at 55 °C followed by 20 minute period
of deactivation at 65 °C. Following Proteinase K treatment, reaction mixtures were subject to Zymo DNA
Clean and Concentrator the Zymo-Spin I1C Fast-Spin column. The products were regularly eluted in 15
ul of Milli-Q water.

Library preparation and Sample Sequencing

Library preparation of the samples was conducted according to manufacturer’s protocol (Ligation
Sequencing Amplicons - Native Barcoding Kit 24 V14 (SQK-NBD114.24). Briefly, at least 30 ng of
each of the following samples:

(1) FAT1_1;

(2) FAT:mC

(3) FAT:hmC

(4) FAT:hmC:mC

(5) FAT:byC:hmC:mC
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(6) FAT:octC
(7) FAT:octC:hmC:mC
End-Prep

NEBNext Ultra Il End Repair / dA-tailing Module reagents and DNA Control Sample (DCS) was
prepared according to manufacturer’s protocol. At least 30 ng of each sample was aliquoted into 0.2 ml
thin-walled PCR tubes. Each sample was made up to 11.5 pl using nuclease-free water. Samples were
incorporated with 1 pl of diluted DCS, 1.75 pl of Ultra Il End-prep Reaction Buffer, and 0.75 pl of ultra
Il End-prep Enzyme Mix, with a final reaction volume of 15 pl. Mixtures were incubated at 20°C for 5
minutes and then 65°C for 5 minutes. Each sample was transferred into 1.5 ml Eppendorf DNA LoBind
tube. 15 pl of resuspended AMPure XP beads (AXP) were added to each reaction and incubated in a
rotator mixer for 5 minutes. Beads were then pelleted in each sample on a magnet until elute is clear and

colorless and then washed with freshly prepared 80% ethanol.
Native Barcode ligation

NEB Blunt/TA Ligase Master Mix was prepared according to manufacturer’s protocol. Then, a

unique barcode was assigned to each of the samples.

In a 0.2 ml PCR-tube, each mixture was composed of 7.5 pl of End-prepped DNA, 2.5 ul of
Native Barcode, 10 ul of Blunt/TA Ligase Master Mix, with a total reaction volume of 20 pl. Following
incubation for 20 min at RT, 2 ul clear cap EDTA and 4 ul blue cap EDTA were added to each reaction
mixture. Barcoded samples are then pooled into a 1.5 ml Eppendorf DNA LoBind tube. 0.4X AMPure
XP Beads (AXP) to the pooled reaction and incubated at RT for 10 min in a rotator. After pelleting on a
magnet, and sample are resuspended in freshly prepared 80% ethanol, washed, and repeated. Finally, 35

ul of eluate are retained into a 1.5 ml Eppendorf DNA LoBind tube.
Adapter Ligation and Clean up

NEBNext Quick Ligation Reaction Module was prepared according to the manufacturer's
protocol. The reaction mixture was composed of 30 pl Pooled barcoded sample, Native Adapter 5 pl,
NEBNext Quick Ligation Reaction Buffer (5X) 10 ul, Quick T4 DNA Ligase 5 ul, with a total reaction

volume of 50 pl.
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Sample sequencing

Sample sequencing was performed on MinlON device using a R10.4.1 flow cell. The reads were
base called with Dorado software using super high accuracy model. While the mC/hmC detection used
model, which is provided by Oxford Nanopore, synthetic modification basecalling was performed using
a custom Remora model trained for identification of 50dyC (trained by Joris Bal¢itinas). Sequences and
modifications were observed on Integrative Genomic Viewer (IGV) program.

30



3. RESULTS

3.1. PCR Products

The initial step of the project was to produce targeted PCR products ensuring the amplifications of
the regions of interest. Genes of interest were comprised of FAT1; Sfil; H1fnt; TMEM267; Gm26917.
Regions of interest included the promoter regions of the genes (producing shorter fragments) with the
first reverse primers designating the genes FAT1 1; Sfil_1; H1fnt_1; TMEM267_1. While, whole gene
regions (producing longer fragments) were to be produced with the second reverse primer, designating
the genes FAT1_2; Sfil_2; H1fnt_2; TMEM267_2; Gm26917 (assigned only one primer for whole gene
region). The polymerase, buffer, and cyclic conditions were adjusted according to a qualitative

assessment of the gel electrophoresis.

The initial round of amplification (Figure 3.1) was conducted using Phusion Plus polymerase
throughout the whole gene set, under the cyclic conditions of table 2.1. However, the buffer was the
differentiating factor of the procedure, with an attempt at using Phusion Plus Buffer and Phusion GC
Buffer to identify which fragments with clearer band intensity would be selected for further validation
of gene products.

The Phusion plus buffer was adopted for the following genes in upcoming procedures of
amplification: FAT1 1, FAT1 2, Sfil 1, and Sfil_2. While Phusion GC Buffer was adopted for
Gm26917. Moreover, first reverse primer (producing the shorter products) amplified gene products were
selected for further upscaling and amplification given they showed either none or very little non-specific

amplification.

In this attempt, H1Fnt_1 and H1Fnt 2 failed to be amplified in the Phusion Plus buffer set.
However, while H1fnt_2 failed to show any amplification in both buffers, H1fnt_1 showed a band light
enough to exhibit a preferential condition of Phusion GC Buffer; thus, requiring an amendment to the
reagents and/or cyclic conditions. On the other hand, TMEM267_1 and TMEMZ267_2 elicited non-
specific fragment amplification, indicating the binding of the primers to the wrong targets and amplifying

artifact products.
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Phusion Plus Buffer GC-Buffer

FATI Sfil Hifut TMEM267 Gm26917 FATI Sfil Hifnt TMEM267 Gm26917
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Figure 3.1. PCR Amplification of the Selected Murine Gene Set. The 1% agarose gel shows entire
gene sets PCR amplified using either Phusion Plus Buffer or GC-Buffer. 1 indicates first reverse primer
and 2 indicates the second reverse primer. L indicates the Ladder. The agarose gel was stained with
Ethidium Bromide

After several attempts at altering the cyclic conditions of H1fnt and TMEM267, an attempt was
made using a different reagent set. Therefore, DreamTaq polymerase, along with its corresponding buffer
DreamTaq, was adopted (Figure 3.2). TMEM267_1 and TMEM267_2 still underscored non-specific
fragment amplification. However, with the chosen reagents and cyclic conditions, H1fnt_1 exhibited a
banding pattern compatible with the expected product size, and therefore, DreamTaq polymerase and its

corresponding buffer were adopted for any future amplification plans.
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Figure 3.2. DreamTag PCR Amplification of the Selected Murine Gene Set. The 1% agarose gel

shows the PCR amplification of each gene using the first reverse primer. L indicates the Ladder. The
agarose gel was stained with Ethidium Bromide

PCR Product Confirmation

While the PCR amplification yielded products of the expected size, it’s important to validate that
they are also of the intended sequence. For the initial verification we chose restriction analysis, as a
robust method for DNA sequence pattern evaluation. R.Lgul was the restriction enzyme selected for
FAT1 2 and Gm26917 for three distinct reasons: 1) given that its recognition sequence was present in
both gene fragments, 2) is capable of yielding fragment sizes large enough to confidently validate within
the gel qualitatively, 3) as well as the availability of the enzyme at hand. Results confirmed that FAT1_2
and Gm26917 restriction products were of the expected size and quantity (Figure 3.3).
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FATI 2 Gm26917 Sfil 2

Lgul Lgul BamHI

- FATI _2:3386
- §fil_2:7851
- Gm26917- 6002

Lgul Cleavage Products (bp):
B - FATI 2:3099, 2287
. - Gm206917:124, 5389, 489

BamHI Cleavage Products (bp):
- Sfil_2:1116, 3854, 2066, 815

Figure 3.3. Restriction Validation of PCR Products. The 1% agarose gel validates the PCR products
of FAT1_2 and Gm26917 with R.Lgul treatment; the PCR product of Sfi_2 with R.BamHI treatment.*-*
indicates untreated control samples. L indicates the Ladder. The agarose gel was stained with Ethidium

Bromide.

On the other hand, R.BamHI was adopted for Sfil_2 for the same aforementioned reasons.
However, the initial restriction analysis of Sfi_2 did not yield the conclusive evidence required for
ensuring that the intended fragments were amplified. It rather exhibited a restriction banding pattern that
doesn’t align with the expected outcome. Therefore, a second analysis was required. Analysis by Xmall
(Figure 3.4) confirmed the intended fragment of Sfi_1, however, Sfi_2 reiterated an ambiguous banding

pattern; hence, Sfi_1 was adopted for any future amplification and modifications plans.
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Figure 3.4. Repeated Restriction Validation of Sfil Products. The 1% agarose gel validates the PCR
products of Sfi_1 and Sfi_2 with R.XmaJl treatment. “-*“ indicates untreated control samples. L indicates

the Ladder. The agarose gel was stained with Ethidium Bromide

Therefore, FAT1_2, Gm26917, and Sfil_1 were selected to proceed with into the following
modification reactions.

3.2. Modifications

Prior to initiating the rounds of modifications, the total volume of the amplification reactions was
upscaled in order to obtain the selected PCR products in at least 1 pug amounts, given that this obtained
amount would be distributed and utilized for further downstream procedures. The amounts would be
distributed in the following consecutive order:

(1) Restriction analysis for validation of PCR product;

(2) Synthetic modification of said product;

(3) Restriction-protection analysis for evaluation of yielded modifications;
(4) hmC and mC modification of said product;

(5) Restriction-protection analysis of the mC/hmC for evaluation of yielded modifications;
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(6) Library preparation of the modified samples for nanopore sequencing.

Steps (1, 2, 3) comprise the beginning of the modification reactions using the engineered MTases,
along with any of the synthetic cofactor (By, Oct, HXN3) individually in order to deposit the synthetic
groups of either CG or GCGC sites. Synthetic modifications were done prior to mC/hmC to optimize the
reactions and attempt to yield (through qualitative assessment of the gel restriction analysis) the highest
level of synthetic modification obtainable. Remaining steps (4, 5) were to further furnish the synthetically
modified fragments with, first, hmC, and second, mC. hmC modifications were conducted prior to mC
modifications to ensure that 5hmC modifications will be conferred, since in a co-factor independent
modification reaction, MTases could yield an activated cytosine intermediate, capable of reacting with
formaldehyde, and producing hmC. In the same reaction mixture, SAM, a natural cofactor, would
eventually be introduced and overpowers the exogenous formaldehyde, thus yielding 5mC modifications
unto the rest of CG sites. Such series of modifications was essential for step 6, in producing a fragment
composite of synthetic, hmC, mC modifications, and possibly even lack thereof, at CG sites. This range
of modifications itself would be utilized for differentiating the signal output of each modification. This
will be a composite substrate for testing the ability of the modification detection program to discern

between the natural and synthetic modifications.
Synthetic Modifications

The initial round of synthetic modifications was performed on validated PCR fragments, FAT 2,
Sfil_1, and Gm26917 (Figure 3.5). Firstly, the modification utilized the engineered methyltransferase
eM.HhalQN targeting GCGC regions of the fragments; whereby, the deposition of the synthetic group
targets the first cytosine nucleotide of the MTase’s recognition sequence. Secondly, LuxS and MTAN
were incorporated into the reaction since they serve a crucial role in degrading byproduct of the methyl
cycle, the S-adenosylhomocysteine, also known as an inhibitor of methyltransferases. Thirdly, we aimed
at exploring three different synthetic modifications (By, Oct, HXN3) and therefore incorporated any one
of them in separate reactions. On the other hand, the control samples with -CH3 modifications on the

same target site (GCGC), were obtained using the wtM.Hhal MTase, and the cognate SAM cofactor.

Figure 3.5 depicts a restriction analysis using R.Hin6l, with the same corresponding restriction
target sequence as that of the modification, GCGC. Any C5 modification at the inner cytosine blocks
R.Hin6l activity. Therefore, we use it as a validator of successful modification reactions. Partial

modification results in partial protection, which can be used as an estimation of modification yields.
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FAT1 2 and Sfil_1 had both been successfully modified by AdoOctadiyn, AdoHXN3z, and SAM;
however, modification by AdoButyn was incomplete, rendering both protected and unprotected
fragments in either of the samples. However, with regards to Gm26917, SAM was the only cofactor that
had conferred a successful modification; all the remaining R.HIin6l1 treated samples of the said gene
depicted a banding pattern resembling fully digested product controls (Figure 3.5).

Hin6I

FAT1 2 Sfil 1 Gm26917 FAT1 2 Sfi1_1 Gm26917
L byC octC hyC mC - byC octC hyC mC - L byC octC hyC mC - byC octC hyC mC - byC octC hyC
. o,

-~ byC octC hyC mC

10000 ©

3000

1500
1200
1000

500

Figure 3.5. Restriction Analysis Validation of Successful Modifications. L indicates the ladder.
Modifications of gene fragments FAT1 1; Sfil_1; Gm26917 with the following byC(Butyn),
octC(Octadiyn), hyC(Hexynazide), mC(methyl); “-“ indicates non-modified fragment. Hin6l indicates
treatment with respective restriction enzyme. Green arrow indicates full protection; yellow arrow

indicates partial protection; red arrow indicates no protection

A second round of modifications was performed (Figure 3.6) utilizing eM.SssSIQN MTase
targeting CG sites of the amplified fragments. Targeting CG sites with synthetic modifications would
allow us to unify all targeted modification regions (i.e. synthetic/hmC/mC) as a means of comparing
signal differentiation in downstream sequencing analysis. By this time point, Butyn modifications were
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adopted to continue attempting its optimization since it was comprehensively unsuccessful in FAT1 1,
Sfil 1, and H1fnt 1.

FATI1 1 Sfil_ 1 Hifnt 1
Hin6I Hin61 Hin6l
L byC mC s byC mC = - byC mC

10000

5000

PCR Products (bp):

3000 - FATI _1: 1129

-Sfil_1:826
- HIFnt 1:455
1500
1200
1000

Hin6I Cleavage products (bp):

- FATI_1: 295,378, 456

-8fil_1:101, 90, 157, 51, 96, 44, 29, 74, 184
-HIiFnt 1:417,38

CEONIIIBE L L RN

Figure 3.6 Restriction Analysis Validation of Butyn Modifications. L indicates the ladder.
Modifications of gene fragments FAT1_1; Sfil_1; Gm26917. with the following byC(Butyn),
octC(Octadiyn), hyC(Hexynazide), mC(methyl); “-* indicates non-modified fragment. Hin6l indicates
treatment with respective restriction enzyme. Green arrow indicates full protection; yellow arrow

indicates partial protection; blue arrow indicates pipetting error of unmodified FAT1 1 and Sfil_1
loaded within the same well

While all gene fragments exhibited full modification by SAM in the R.Hin6l treatment reaction,
Sfil_1 was the one product with the full protection by synthetic Butyn modification. Both H1fnt_1 and
FAT_1 had been partially protected by Butyn. This partial protection/modification encouraged the need
to validate the extent of modification by utilizing a different restriction enzyme; hence, targeting sites of
modification. Additionally, hmC modifications were initiated as a comparison.

hmC and mC modifications
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At this point, the results as aforementioned were promising in order to initiate hmC
modifications. We used M.Sssl with the target recognition CG for introducing natural DNA
modifications. However, there is no known restriction enzyme which targets CG singularly. Therefore,
to assess the modification efficiency, we used two different restriction enzymes with 4-bp targets
(R.Tail targeting ACGT; R.Hin6l targeting GCGC) including CG in different contexts, as a reduced
representation of the aforementioned dinucleotides. However, due to MTase targeted sequence context
preferences, it’s important to assess the modifications at different endonuclease target regions of the
gene set in question. By comparing the restriction analysis of the modified gene sets, there was an
apparent difference in protection levels depending on the recognition sequence (Figure 3.7). Meaning
that, the CG sites displayed differential degrees of modification when looking at only one recognition
sequence of a given endonuclease — in this case, R.Hin6l. Another note with regards to the hmC
modification, it would appear that FAT1 1 and H1fnt_1 had some degree of modification, while Sfil_1
rendered almost non-apparent modification. The results, however, encouraged moving onwards with

FAT1 1 and H1fntl 1 to further decorate the synthetically modified samples with hmC followed by
mC.

EATI 1 Sfi_1 Hifnr 1 EATI 1 Sfi_1 Hifnt_1
Tail Tail Tail Hin6l Hin6l Hin6l
L byC hmC _ N hmC - - byC hmC - - L byC hmC < = hmC - - byC hmC

10000
5000

3000

1500
1200
1000

FAT1 1 PCR Product: 1129 Sfil_1 PCR Product: 826 Hlifnt 1 PCR Product: 455
bp | Tail Product: 79, 105, 237, 87, 213, 86, 93, 54, 7, 48, 102, 18 | Tail Product: 15, 79, 732 Tail Product: No Recognition Site
Hin6I Product: 295, 378, 456 Hin6I Product : 101, 90, 157, 51, 96, 44,29, 74,184 | Hin6I Product : 417, 38

Figure 3.7. Restriction Analysis Validation Targeting Different Modified Regions. L indicates the
ladder. Modifications of gene fragments FAT1 1; Sfil_1; H1fnt_1 with byC (Butyn) and hmC(5-

hydroxymethyl-). “-“ indicates non-modified fragment. Tail indicates treatment with respective
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restriction enzyme. The same set of genes and modifications are subjected to Hin6l treatment. Yellow

arrows indicate partial protection. Red Arrows indicate no protection

In order to further furnish the synthetically modified fragments with hmC at CG dinucleotides,
we used the cofactor-independent aldehyde transfer activity of the wtM.Sssl (Liutkeviciute et al., 2009;

Rietjens et al., 2022).

Figure 3.8. clearly depicts the successful modification of FAT1 1 and H1fntl 1 with byC,
hmC, and mC. In addition to a higher degree of hmC protection after a second round of modification
reaction. Essentially, qualitatively evaluating each degree of modification is based on visual
comparison of band intensity between the modified fragment and non-modified fragment (both
enzymatically cleaved). Moreover, fragment lengths found in the modified fragment lanes larger than
those found in the non-modified fragment lanes are indicative of some degree of protection in the
former.

FATI 1 Hifat 1

Hin6l Hin6l
L byC:hmC:mC hmC - byC:hmC:mC hmC

10000 §
5000

3000
] PCR Products (bp):

-FATI 1:1129
-HIFnt 1:455

Hin6I Cleavage products (bp):
- FATI 1:295, 378,456
-HIFnt 1:417,38

1200
1000

Figure 3.8. Modification Restriction Analysis Validation of Sample Selection for Nanopore
Sequencing. L indicates the ladder. Modifications of gene fragments FAT1_1 (successful protection —
selected for sequencing), with compound modification FAT1:byC:hmC:mC and FAT1:hmC. H1fnt
(unsuccessful — not selected), with compound modifications H1fnt:byC:hmC:mC, and H1fnt:hmC. “-*

indicates non-modified fragment. Hin6l indicates treatment with respective restriction enzyme
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3.3.Nanopore sequencing of modified DNA

Upon attempting to upscale the reaction mixtures of PCR amplification, FAT1_1 was most
consistent with the yield in purity, quality. and modification degree. Therefore, the aforementioned
gene was singled out for sequencing. However, we had to change the synthetic modification from the
optimized Butyn to a new one Oct, as the other parallel research in our lab showed it as the most

promising one for precise direct detection by nanopore sequencing.

Eventually, a minimal starting amount of 30 ng of FAT1_1 PCR product was utilized as starting
material for nanopore library preparation. Whereby a minimum of 1 ng was sufficient enough,
according to manufacturer’s protocol, to sequence. The final FAT1_1 sample Oct-modified by
eM.Hhal at GCGC regions (at approx. 50% saturation, Figure 3.9A) was adopted and utilized for the
nanopore sequencing. Additionally, FAT1 1:octC was further modified with hmC and mC at CG sites
with wtM.Sssl, yielding FAT1:octC:hmC:mC; while ensuring that some regions were left unmodified

in order to emulate a more realistic representation of a natural DNA molecule extracted from cells
(figure 3.9B).
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P
1000 g
500
- -
-
e

PCR Product (bp): 1129
Hin6I Cleavage Product (bp): 295, 378, 456
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Figure 3.9 (A) Restriction Analysis Validation of Successful FAT1_1 Compound Modification
Selected for Nanopore Sequencing. L indicates the ladder. Modifications of gene fragments FAT1 1
with octC,; “-* indicates non-modified fragment. R.HIn6l indicates treatment with respective restriction
enzyme. Yellow arrow indicates partial protection

Hpall

octC:hmC:mC = -
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Hpall Cleavage Product (bp): 43, 249, 627, 210

Figure 3.9 (B). Restriction Analysis Validation of Successful FAT1_1 Compound Modification
Selected for Nanopore Sequencning. L indicates the ladder. Modifications of gene fragments FAT1 1
collectively with octC, hmC, and mC; “-* indicates non-modified fragment. Hpall indicates treatment
with respective restriction enzyme. Yellow arrow indicates partial protection. Final lane “-“ includes a
technical error in adding ladder with non-modified, non-treated control fragment

Upon preparing the library, the samples were barcoded prior to loading for sequencing, in order
to sequence the modified and unmodified ones in parallel. As the DNA goes through the pore, the
electrical current signal is recorded and wrote out to a file and the signal changes can then be translated
into DNA bases. This process is called basecalling. It’s noted that ONT (Oxford Nanopore
Technologies) basecalling models are used to translate electrical signal changes into canonical DNA
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bases. However, per the manufacturer’s commercialization, any DNA modifications can also be
detected through the training of a supplementary modified basecalling algorithm. Currently, ONT
provides commercially available models for some of the natural DNA modifications such as mC and
hmC. However, to identify other DNA modifications such as octC a separate model has been trained
before in the Department of Biological DNA Modification, Vilnius University. Previously, this model
has only been tested on significantly modified DNA consisting of only octC modifications. Therefore,
to test this model’s efficiency in more naturalistic scenarios, several versions of variably modified
FAT_1 PCR products were sequenced. The samples were then basecalled for the modified octC base
(performed by Joris Bal¢itinas). The FAT1:0ctC PCR product showed expected results, where the semi-
modified GCGC position was partially identified as modified. However, the FAT1:0ctC:mC:hmC
sample included quite a few false-positive signals, meaning the octC modification was called in regions
other than GCGC, for example. This is likely due to the natural mC, hmC modifications in the sample

causing the octC model to be less accurate.

Moreover, when looking at the percentage reads coverage, FAT1:0ctC:hmC:mC showed to have
a higher percentage than that of FAT1:octC. Per example of figure 3.10, coverage at base 296 of
FAT1:octC showed a modified base coverage of only 40% at GCGC. This coverage should be expected
to be the same with FAT1:0ctC:hmC:mC since it‘s the same synthetically modified sample as
FAT1:octC, only further modified with hmC:mC.
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GCGC:Oct > 296 base
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Figure 3.10. Integrative Genomic Viewer (IGV) excerpt of FAT1_1. Blue squares indicate <50%
degree of confidence; Red squares indicate >50% degree of confidence. Each grey line represents one
read strand in 5” — 3’ direction (left to right). Upper lane indicates reads of FAT1:0ctC; Lower lane
indicates reads of FAT1:0ctC:hmC:mC. Circled part represents expected synthetic modification (octC)
at 296" base of FAT1_1 in GCGC site

However, FAT1:0ctC:hmC:mC displayed a much higher coverage of 60%; implicating that this
20% difference was the false-positive basecalling of hmC:mC maodifications as octC. Such error is even
more exaggerated when looking at the 678th base in GCGC (Figure 3.11.) Where FAT1:octC coverage

was at 29%, while FAT1:octC:hmC:mC displayed a coverage of 66% more than double the former.
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GCGC:oct > 674" base
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Figure 3.11. Integrative Genomic Viewer (IGV) excerpt of FAT1_1. Blue squares indicate <50%

degree of confidence; Red squares indicate >50% degree of confidence. Each grey line represents one

read strand in 5” — 3” direction (left to right). Upper lane indicates reads of FAT1:0ctC; Lower lane

indicates reads of FAT1:0ctC:hmC:mC. Circled part represents expected synthetic modification (octC)

at 296" base of FAT1_1 in GCGC site.

This shows that variably modified substrates cause issues with the model. It is not capable of

correctly differentiating octC from mC or hmC, since we know for a fact, that the amount of octC in

FAT1:0ctC:hmC:mC sample cannot be above the number of mod base coverage FAT1:octC.
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4. DISCUSSION OF RESULTS

The first objective within the project was to optimize the PCR conditions for the set of selected
murine genes. As results have shown, the PCR was mostly successful in each gene when amplified with
its first reverse primer, resulting in shorter products. Several PCR targets, including FAT1_1, Sfil 1,
H1fnt_1, and Gm26917, showed good PCR yields and purity and were selected for further preparative

scale-up and modification reactions.

With regards to the synthetic modifications, the primary goal was obtaining fragments of varying
types of modifications. Nevertheless, FAT_1 substrate was selected to be focused on with the
modifications and sequencing due to the consistency of its yield in PCR and modification reactions.
Therefore, several types of modifications were to be induced in an attempt to optimize them; however,
out of the variable modification, byC was singled out in needing further improvement of modification
conditions. At the same time, parallel work was being done in our group in which Joris Bal¢itinas had
shown that octC modification is the most promising for detection by nanopore sequencing. Therefore,
byC optimization was proceeded in parallel to octC. Additionally, it’s also important for us to be able to
distinguish among the natural and synthetic modifications, therefore modified PCR substrates were done
separately, as well as in combinations. Finally, a modified substrate with combined modifications was
prepared and nanopore sequencing showed that we could directly detect the octC modification in DNA

sequence. However, currently it cannot be readily discerned from the natural mC and hmC modifications.

While nanopore sequencing is very much capable at identifying base modifications, training a
model for a specific base might be challenging. This study describes the challenges of modified base
identification in variably modified DNA substrates. To overcome these issues, further refinement of the
octC model is needed. This could be achieved through the usage of a larger training dataset and/or the
usage of multiple training datasets consisting of uniquely modified bases. Using multiple datasets would
allow the training of a model capable of identifying multiple modified bases such as octC and mC at

once, further increasing the model accuracy and diminishing the false-positive call rates.
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CONCLUSIONS

PCR conditions were optimized for the production of FAT1_1; Sfil_1; and H1fnt_1 gene

promoter regions as well as whole Gm26917 gene region, with high specificity and yield.

Optimized modification reaction conditions allowed production of DNA substrates,
modified both by each 5mC, 5hmC and synthetic modifications separately, and in
combination.

Nanopore sequencing results showed that Octadiyn-C modification can be directly
identified when it’s the only modification present in the DNA substrate. However, it
renders higher error rates when placed together with mC and hmC modifications in the

same DNA substrate.
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DESCRIPTION OF PERSONAL INPUT

The experiments that | had executed involve the PCR amplifications, restriction analysis of
PCR products, gel electrophoresis, modification reactions, restriction analysis of modification

reactions, library preparation and barcoding of modified samples, as well as final visualization on IGV.
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