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Abstract 

Gene expression is controlled through both transcriptional regulation and post-

transcriptional events. Pre-mRNA alternative splicing (AS) represents a crucial post-

transcriptional mechanism that regulates the spatial and temporal expression of genes. Despite its 

significance, the roles of AS in brain development remain largely unknown. The first chapter of 

this thesis is dedicated to examining the unproductive splicing events in neurodevelopment, 

through the use of RNA-Seq, which generated a long list of unproductive splicing events 

dynamically regulated during neurogenesis. Thereinto, an alternative 3' splice site (A3SS) located 

in the SYNGAP1 gene was identified as an important regulator of its expression, playing a vital 

role in neurodevelopment. The use of A3SS in non-neuronal cells results in nonsense-mediated 

decay (NMD) and guarantees neuron-specific expression of SYNGAP1 protein. This mammal-

specific AS event is controlled by PTBP1 and PTBP2, which repress SYNGAP1 expression by 

promoting the usage of this A3SS. Manipulating this AS event through the use of splice-switching 

antisense oligonucleotides (SSOs) can restore SYNGAP1 expression, presenting a potential 

therapeutic strategy for non-syndromic intellectual disability (NSID) caused by SYNGAP1 

haploinsufficiency. Overall, this part of the study sheds light on the previously unknown role and 

mechanism of cell-type-specific unproductive AS in brain development. 

On another level, DNA methylations, one type of main epigenetic modifications, usually 

serve as a repressive or activation mark for gene expression through transcriptional regulation. As 

the predominant DNA modification found in prokaryotic genomes, DNA N6-

methyldeoxyadenosine (6mA) plays crucial roles in the restriction modification system, DNA 

repair, and also gene expression regulation. However, the frequency, dynamics, distribution 

patterns, effector proteins, and biological functions of 6mA in eukaryotic cells remain subject to 
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controversy due to the extremely low abundance and the lack of effective and sensitive base-

resolution detection approaches. The second chapter of this thesis presents an antibody-

independent single-nucleotide-resolution 6mA sequencing method, namely Direct-Read 6mA 

Sequencing (DR-6mA-seq). This novel approach capitalizes on the misincorporation tendency of 

deoxythymidine triphosphate (dTTP) analog at 6mA sites, enabling quantitative mapping of 6mA 

in various genomic DNA species in a fast and cost-effective manner. By using this method, we 

were able to characterize the presence and elevated level of 6mA in the nuclear DNA of 

glioblastoma model cells. DR-6mA-seq can serve as a gold standard for quantitative Next 

Generation Sequencing (NGS) methods of 6mA, facilitating further biological studies and 

inspiring the development of new mapping methods for other DNA/RNA modifications. 
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Chapter 1  

Introduction: Pre-mRNA Splicing and DNA Epigenetic 

Modifications 

1.1   Pre-mRNA splicing and its regulation 

In contrast to prokaryotic cells, eukaryotic cells harbor a substantial abundance of non-

coding sequences within their genomes.2 Thus, pre-mRNA splicing becomes a crucial process in 

eukaryotic gene expression, where the initial transcript of a gene, called pre-mRNA, undergoes 

precise removal of non-coding sequences, i.e., introns, and joining of coding sequences, i.e., exons, 

to produce mature mRNA.3 This process occurs in the nucleus of eukaryotic cells before the 

mRNA is transported to the cytoplasm for translation into proteins.3 The splicing of pre-mRNA is 

facilitated by a complex macromolecular machinery called the spliceosome, which consists of 

small nuclear ribonucleoproteins (snRNPs) and other associated proteins. The spliceosome, which 

is assembled by five small nuclear ribonucleoprotein (snRNP) (U1, U2, U4/U6, and U5), 

recognizes specific sequence elements at the exon-intron boundaries, including the 5' splice site 

(by U1 snRNP) as well as polypyrimidine tract (by U2 auxiliary factor), and the branch point 

sequence (by splicing factor 1, or mammalian branch point binding protein) at the 3' splice site, to 

accurately remove the introns and ligate the exons together (Figure 1.1A).4  
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Figure 1.1 The  mechanism and regulation of pre-mRNA splicing 

A) The diagram illustrating the sequential assembly of the spliceosome, a piece of complex 

molecular machinery, through the integration of its constituent small nuclear ribonucleoprotein 

(snRNP) components. The initial step involves the binding of U1 to the 5' splice site and U2 to the 

branch point, leading to the formation of the A complex. Subsequently, the tri-snRNP U4/U6.U5 

associates with the prespliceosome (A complex), resulting in the formation of the precatalytic 

spliceosome (B complex). The removal of U1 and U4 triggers the activation of the spliceosome, 

leading to its functional state. Following the completion of the first splicing step, the catalytic step 

1 spliceosome (C complex) is formed. Finally, after the second splicing step, the spliced mRNA 

product is released from the post-splicing (P) complex. B) Schematic representation of splicing 

regulation mechanisms. Alternative splicing exhibits intricate associations with splicing factors, 

transcriptional machinery (RNA polymerase II elongation rates), and epigenetic modifications 

(histone marks, epigenetic modifiers, and DNA methylation) at both post- and co-transcriptional 

levels. During the splicing process, splicing factors selectively target and interact with spliceosome 

components to regulate the recognition of 5' and 3' splice sites flanking the alternative exon. 

Serine/arginine-rich (SR) proteins and heterogeneous ribonucleoproteins (hnRNPs) are examples 

of such factors. SR proteins function as general splicing activators by binding to exonic/intronic 

splicing enhancers (E/ISEs), thereby facilitating exon formation. Conversely, hnRNPs act as 

general splicing inhibitors by binding to exonic/intronic splicing silencers (E/ISSs), thereby 

interfering with splice site recognition. 

 

The regulation of pre-mRNA splicing is essential for generating protein diversity and 

controlling gene expression. It allows alternative splicing, a process where different combinations 

of exons can be included or excluded from the final mRNA, leading to the production of multiple 

protein isoforms from a single gene.4 The regulation of alternative splicing can occur 

concomitantly with mRNA transcription and is governed by a combination of epigenetic 

modifications and RNA Pol II elongation (Figure 1.1B). During the splicing process, the regulation 

of alternative splicing involves a complex interplay between splice-modifying SNPs, the splicing 
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machinery, the regulatory elements within the pre-mRNA sequence, and various RNA-binding 

proteins (Figure 1.1B).5,6 First of all, regulatory RNA sequences within the transcripts, known as 

exonic or intronic splicing enhancers (ESEs or ISEs) and exonic or intronic splicing silencers 

(ESSs or ISSs), can modulate the splicing process. ESEs and ISEs promote splice site recognition, 

while ESSs and ISSs inhibit or suppress splice site usage. These regulatory elements can be bound 

by specific RNA-binding proteins (RBPs) that either enhance or repress splicing.7 Therefore, RBPs 

play a critical role in alternative splicing regulation and can act as either splicing activators or 

repressors, depending on their binding locations and the specific context of the pre-mRNA. 

Examples of such RBPs include the serine/arginine-rich (SR) proteins, heterogeneous nuclear 

ribonucleoproteins (hnRNPs), and many other splicing factors.8 Since the expression levels and 

cellular localization of RBPs are usually dynamically regulated, changes in their levels or 

subcellular distribution can impact alternative splicing patterns. Signaling pathways and 

developmental cues can influence the expression, phosphorylation, or subcellular localization of 

these splicing regulators, thereby modulating their activity and splicing outcomes.9 

Beyond that, chromatin structure and epigenetic modifications can also affect alternative 

splicing. DNA methylation, histone modifications, and chromatin remodeling complexes can 

regulate the accessibility of splicing regulatory elements and influence the recruitment of splicing 

factors.10 Similarly, the secondary structure of pre-mRNA can also impact splice site recognition 

and alternative splicing outcomes because stem-loop structures or RNA-binding proteins that 

stabilize or disrupt RNA structures may influence the accessibility of splice sites and regulatory 

elements.11 Other secondary factors, such as RNAPII elongation rate, splicing factor recruitment 

efficiency, and binding of snRNAs at the splice site may also potentially modulate the alternative 

splicing.5 Overall, the regulation of alternative splicing is a complex process involving the 
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interaction and coordination of multiple factors that determine the specific splice site selection and 

alternative splicing patterns observed in different cellular contexts and conditions. 

1.2   The types and functions of alternative splicing 

Pre-mRNA alternative splicing plays crucial roles in expanding the coding potential of the 

genome and regulating gene expression. It greatly expands the coding potential of the genome and 

plays a critical role in various biological processes, including tissue-specific gene expression, 

development, and disease.12 Based on the location of alternative splice sites, pre-mRNA alternative 

splicing can be categorized into seven types: exon skipping (SE), intron retention (RI), alternative 

5' splice site (A5SS), alternative 3' splice site (A3SS), mutually exclusive exons (MXE), alternative 

promoters (AP), and alternative polyadenylation terminators (AT) (Figure 1.2A).13 Otherwise, 

based on the functional outcome, alternative splicing can be simply divided into two categories: 

those that alter protein sequence and those that modify protein expression levels. 

 

 

Figure 1.2 The types and functional outcomes of alternative splicing 



5 

 

(Figure 1.2, continued) A) The schematic diagram illustrating seven distinct modes of alternative 

splicing in pre-mRNA: exon skipping (cassette exon), intron retention, alternative 5' splice site, 

alternative 3' splice site, mutually exclusive exons, alternative promoters, and alternative 

polyadenylation. The exons are represented by boxes and the introns by lines. B) The two 

molecular outcomes of alternative spliced transcripts: transcripts harboring premature stop codons 

are subject to degradation via nonsense-mediated decay, while in-frame alternative splicing 

modifies the functionality of the transcripts at the post-transcriptional level (mRNA localization 

and stability) and/or the post-translational level (protein sequence and modifications). 

 

The altered protein sequence generated by alternative splicing significantly increases the 

diversity of protein isoforms that can be produced from a limited number of genes. This enables 

cells and organisms to have a greater repertoire of protein variants to perform specialized functions 

(Figure 1.2B). Occasionally, the newly generated protein isoforms exhibit distinct functions 

compared to the wild-type variant (gain of function, GOF). For instance, an alternatively spliced 

form of tissue factor (TF), wherein a portion of the TF extracellular domain, transmembrane 

domain, and cytoplasmic domain is substituted with a unique C-terminus, largely enhances 

angiogenesis in comparison to the full-length TF.14 The synaptic Ras GTPase-activating protein 1 

gene (SYNGAP1) has four splice variants at the C-terminal, namely α1, α2, β, and γ. These variants 

possess distinctive biochemical properties and subcellular localization, each performing unique 

functions in neuronal development and synaptic plasticity.15 However, in many other cases, protein 

variants generated through alternative splicing lead to the loss of function (LOF), thereby serving 

as a regulatory mechanism for protein activity. The alternatively spliced isoform of thyrotropin-

releasing hormone degrading enzyme (Trhde) lacking part of the C-terminal domain, for example, 

is enzymatically inactive and has a dominant-negative effect.16 At times, alternative protein 

variants can even exert inhibitory effects on the activity of the wild-type isoform. For instance, 

Pro-Casp6b directly interacts with pro-Casp6a and functions as an inhibitor of pro-Casp6a 

activation.17 Another example is observed in the alternative splicing of DAPK1 at the kinase 

domain, which generates a novel isoform capable of destabilizing the wild-type isoform.18 
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In a distinct subset of scenarios, alternative splicing does not give rise to protein variants 

but instead induces the degradation of the respective mRNA transcripts, consequently lowering 

the expression levels of the relevant protein. (Figure 1.2B) In such cases, alternative splicing events 

introduce in-frame premature termination codons (PTC), leading to the degradation of the mRNA 

through a process called nonsense-mediated decay (NMD).19 As a quality control mechanism to 

prevent the accumulation of potentially harmful truncated proteins that could disrupt cellular 

processes, NMD begins with the recognition of PTCs by a group of specialized proteins. Among 

these proteins, Up-frameshift 1 (UPF1) plays a key role as it associates with the exon junction 

complex (EJC) formed during the splicing process. When PTCs are present, they disrupt the 

distribution of the EJC, thereby triggering the recruitment of UPF1. Upon PTC recognition, UPF1 

recruits additional NMD factors, forming the core NMD complex. This complex includes UPF2 

and UPF3, which interact with UPF1, enhancing its stability and activity. The NMD complex then 

interacts with the mRNA, leading to the recruitment of endonucleases and exonucleases that 

initiate the degradation of the targeted mRNA. This degradation process proceeds in a 5'-to-3' 

direction, resulting in the rapid turnover of the aberrant mRNA molecule.20 NMD predominantly 

occurs in a translation-dependent manner, where the ribosomes engaged in the pioneer round of 

translation become stalled near the PTC and trigger NMD.21 In mammals, the PTCs usually trigger 

NMD only when they are positioned more than 50-55 nucleotides (nt) upstream of the most 

downstream EJC.22 The occurrence of alternative splicing events that result in the inclusion of 

PTCs and subsequently trigger NMD of the transcripts, commonly known as unproductive splicing, 

adds an additional level of post-transcriptional regulation and plays a critical role in diverse 

biological processes. One notable example involves the alternative skipping of exon 11 in 

polypyrimidine tract binding proteins 1 (PTBP1, aka hnRNP-1), resulting in the generation of a 
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transcript targeted for degradation by NMD. This pathway accounts for the degradation of at least 

20% of PTBP1 transcripts in HeLa cells. Interestingly, the skipping of exon 11 is facilitated by 

PTBP1 itself, establishing a negative feedback loop.23 

Alternative splicing is a prevalent and intricate process that significantly enhances protein 

diversity, fine-tunes gene expression, and regulates cellular functions. In fact, it takes place in 

around 95% of multi-exon genes in humans and is linked to approximately 15% of human inherited 

diseases and cancers.24 Gaining a comprehensive understanding of the functions and regulatory 

mechanisms governing alternative splicing is of utmost importance in unraveling the intricacies of 

gene expression and comprehending its profound impact on the biology of cells and organisms. 

1.3   Differential gene expression regulation is vital in brain development 

Similar to most biological processes, brain development requires spatially and temporally 

regulated differential gene expression to guarantee the maturation of neurons, accurate formation 

of neural circuits, and the establishment of functional connectivity.25,26 During early brain 

development, neural stem cells (NSCs) differentiate into various neurons and glial cells. The 

expression of specific genes guides the fate of these stem cells, directing them toward distinct cell 

lineages. Transcription factors and signaling molecules play crucial roles in regulating gene 

expression patterns that determine the types of neural cells.27 For instance, during the initiation of 

neuronal differentiation in NSCs, the expression of Hes1 transitions from oscillatory to a repressed 

state, while the expression of Ascl1 shifts from oscillatory to sustained.28,29 Later on, proper 

neuronal migration is vital for establishing the brain's layered structure. Differential expression of 

the genes involved in cytoskeletal dynamics, adhesion molecules, and guidance cues guide the 

movement of neurons along specific pathways to reach their appropriate positions in the 

developing brain.27 To be specific, migrating interneurons heading to the cortex relies on attractive 
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cues, particularly neuregulin1/ErbB4, to navigate the corticostriatal notch and enter the cortical 

mantle. Therefore, genes involved in interneuron migration, like ErbB4, are expressed at higher 

levels in the cortical interneuron population compared to the ganglionic eminences (GE).30,31 Once 

neurons reach their target destinations, they either differentiate into mature neurons with axons 

and dendrites or undergo apoptosis. Axon guidance molecules, such as netrins, semaphorins, and 

ephrins, provide cues for axons to navigate through the developing brain and establish proper 

synaptic connections.27 At this stage, differential gene expression, again, governs the guidance of 

dendrites, axons, and the formation of synapses. For instance, synaptic proteins like postsynaptic 

density protein-95 (PSD-95) encoded by DLG4 and SYNGAP1 must be translated and effectively 

transported to synaptic terminals in order to fulfill their synaptic functions during synaptogenesis. 

In some cases, they may even undergo liquid-liquid phase separation to increase the local protein 

concentrations.32 In addition to synaptogenesis, some specific genes play a crucial role in enabling 

synaptic plasticity, which involves the strengthening and pruning of synapses based on neural 

activity and experience. The overexpression of PSD-95, for example, enhances synaptic strength 

and obstructs long-term potentiation (LTP), while the knockdown of PSD-95 reduces the surface 

expression of AMPARs and weakens synaptic strength.33 This precise adjustment of neural circuits 

is vital for ensuring proper sensory processing, facilitating learning, and promoting the formation 

of memories.27 The final stage of brain development is myelination, which involves the formation 

of a myelin sheath around axons. The regulated expression of genes involved in myelin synthesis, 

axon-glial interactions, and signal transduction pathways regulate myelination, ensuring efficient 

electrical signal transmission and insulation of neural circuits.27 

Therefore, as a pivotal mechanism that governs brain development, differential gene 

expression plays a crucial role in determining neural stem cell fate, orchestrating neuronal 
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migration, guiding axon growth, facilitating synapse formation, refining neural circuits, promoting 

myelination, and governing other critical processes. Genetic mutations or alterations that impact 

the expression of genes involved in brain development can disrupt normal processes, resulting in 

abnormal brain structure and function. This, in turn, can contribute to the development of 

neurodevelopmental disorders such as autism spectrum disorders, intellectual disabilities, and 

epilepsy.32 Gaining a comprehensive understanding of the complex dynamics of gene expression 

during brain development is crucial for unraveling the mechanisms that govern normal brain 

function, as well as the underlying causes and potential therapeutic approaches for 

neurodevelopmental disorders. 

1.4   DNA modifications and their functions  

Covalent DNA modifications play a critical role in gene regulation and cellular processes.34 

For more than half a century, the most abundant DNA modification in the mammalian genome, 5-

methylcytosine (5mC), has undergone extensive research and emerged as one of the extensively 

studied epigenetic modifications in mammals.35 In recent years, significant progress in scientific 

investigations has shed light on a wide array of other base modifications found within DNA. These 

newly identified modifications encompass but are not limited to, 5-hydroxymethylcytosine 

(5hmC), 5-formylcytosine (5fC), 5-carboxycytosine (5caC), N4-methylcytosine (4mC), N6-

methyldeoxyadenine (6mA), N6-hydroxymethyladenine (6hmA), 8-oxo-7,8-dihydroguanine (8-

oxo-G), and 5-glyceryl-methylcytosine (5gmC) (Figure 1.3).34,36 Many of the covalent DNA 

modifications, including 8-oxoguanine, 1-methyladenine, 3-methylcytosine, and 6-O-

methylguanine, are actually a result of DNA damage caused by factors such as oxidation, 

alkylation, free radicals, ultraviolet, and ionizing radiation (Figure 1.3).37,38 These modifications 

are usually cytotoxic, alter the coding properties or normal functions of DNA during transcription 
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or replication, and may contribute to various aberrant processes such as aging, neurodegeneration, 

and cancer.37,39 Efficient DNA repair mechanisms are essential for removing these harmful DNA 

damages and maintaining the integrity and normal functioning of the genome.39,40  

 

Figure 1.3 The known covalent DNA modifications 

Pie diagram showing the known modified DNA bases (modified from dnamod.hoffmanlab.org). 

The inner ring comprises the four canonical DNA bases. The outer ring encompasses modified 

bases present in DNA, whereby the natural bases are labeled in color and the synthetic bases are 

labeled in grey. 

 

On the other hand, there are several directed DNA modifications that serve as epigenetic 

marks, capable of modifying gene expression by effectively switching gene transcription on or off 

or functioning in normal cellular processes. Furthermore, these modifications are usually 

maintained and erased through enzymatic processes and can be inherited by subsequent 

generations of cells.41 Such examples are 5mC, 5hmC, 5fC, 5caC, 5-hydroxymethyluracil (5hmU), 
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5-formyluracil (5fU), β-d-glucosyl-5-hydroxymethyluracil (Base J), 4mC, and 6mA (Figure 

1.3).42,43 5mC is a well-known DNA modification and is prevalent in mammalian genomes. It plays 

a crucial role in gene expression regulation, genomic stability, and epigenetic inheritance. 5mC is 

primarily associated with gene silencing and is recognized by specific binding proteins that recruit 

chromatin modifiers to establish repressive chromatin states. The Ten-Eleven Translocation (TET) 

family enzymes, including TET1, TET2, and TET3, are responsible for catalyzing the oxidation 

of 5mC, leading to the generation of other modified cytosine derivatives. This conversion process 

is implicated in active DNA demethylation and is vital for proper development and cellular 

differentiation.44 5hmC is a DNA modification that has gained significant attention in recent years. 

It is formed by the oxidation of 5mC and is prevalent in various tissues, particularly in the brain. 

5hmC is involved in gene regulation and is thought to be associated with gene activation. It acts 

as an epigenetic mark that influences chromatin structure and can recruit specific proteins to 

modulate gene expression. The TET enzymes, particularly TET1 and TET2, are responsible for 

the conversion of 5mC to 5hmC. 5hmC has been implicated in neurodevelopment, 

neurodegenerative diseases, and cancer, highlighting its importance in cellular processes and 

disease mechanisms.45 5fC and 5caC are oxidation products derived from 5hmC. These 

modifications are present at lower abundance compared to 5mC and 5hmC but have significant 

regulatory roles. They are believed to be involved in active DNA demethylation processes, 

influencing gene expression and genome stability. The TET enzymes play a crucial role in the 

conversion of 5mC to 5fC and 5caC. The base excision repair (BER) pathway, involving specific 

glycosylases and other enzymes, is responsible for the removal and replacement of 5fC and 5caC, 

contributing to the maintenance of proper DNA methylation patterns.46,47 5hmU and 5fU are 

modified bases that can be found in DNA. They are formed through the oxidative modification of 
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thymine and are associated with certain biological processes and stress conditions. 5hmU and 5fU 

have been observed in DNA from different organisms, including bacteria and mammals. While 

their functions and regulatory enzymes are not yet fully understood, they are believed to contribute 

to DNA repair, DNA damage response, and adaptation to environmental stressors. Further research 

is needed to elucidate the precise roles and regulatory mechanisms of 5hmU and 5fU in DNA.48,49 

Base J is a DNA modification found predominantly in the genomes of kinetoplastid parasites, 

including trypanosomes. It replaces thymine in DNA and is involved in gene expression regulation 

and genome organization in these organisms. Base J is introduced into DNA by a series of 

enzymatic steps, including hydroxylation, glycosylation, and deamination. Its presence influences 

chromatin structure, transcriptional regulation, and DNA replication. Base J-binding proteins and 

other associated factors recognize and interact with this modified base to exert functional effects 

on gene expression, and other biological processes.50 4mC is a DNA modification that occurs in 

addition to 5mC. It is mainly found in thermophilic bacteria and archaea, but also plants and 

mammals, although its prevalence and regulatory roles differ among species. 4mC can be involved 

in gene regulation, genome stability, and other biological processes. The enzymes responsible for 

establishing and removing 4mC can vary, depending on the organism. In bacteria, N4C-MTases 

catalyze the addition of methyl groups to cytosine, while specific DNA glycosylases are involved 

in the removal of 4mC during DNA repair processes.51,52 

In addition to the aforementioned DNA modifications, 6mA is another prominent directed 

DNA epigenetic modification that will be thoroughly discussed in the subsequent sections. 

1.5   N6-methyldeoxyadenosine and its detection method  

N6-methyldeoxyadenine, or 6mA for short, was initially uncovered in the 1950s in 

Bacterium coli.53 Subsequently, over the course of several decades, 6mA was acknowledged as a 
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crucial DNA modification present in the genomes of both prokaryotes and protists.54 It has also 

been reported to be present in higher eukaryotes, such as plants and animals, although in much 

lower abundance.55,56 6mA is known to play various roles in different cellular pathways across 

different species. 

As bacteria do not possess histones and nucleosomes, DNA methylation serves as their 

primary mode of epigenetic gene regulation.57 Among the various types of DNA modifications 

found in bacteria, 6mA modification is the most abundant, sometimes can reach 10% 6mA/dA. It 

has been found to play important roles in various cellular processes, including DNA replication, 

DNA repair, gene expression, restriction–modification (RM) system, and regulates cell division, 

virulence, and phase variation.57–62 In protists such as green algae (C. reinhardtii) and tetrahymena, 

the abundance of 6mA is comparatively lower than that in bacteria, with levels ranging from 0.4% 

to 0.6% 6mA/dA. However, it has been reported that this modification has a significant impact on 

gene expression and biological outcomes.63,64 In plants, 6mA modification is generally less 

abundant compared to other DNA modifications such as 5mC and 5hmC, ranging from 0.1% to 

0.7% 6mA/dA in rice seedlings, wheat, maize, sorghum, Setaria italica, and Medicago.65 

Nevertheless, recent studies have shown that 6mA modification may play important roles in 

regulating gene expression and stress responses in plants.65 This suggests that 6mA modification 

may be involved in the plant's defense mechanisms against biotic and abiotic stresses such as 

pathogen infection, salt stress, and drought stress. In vertebrates, especially mammals, the levels 

of 6mA on genomic DNA and mitochondrial DNA are extremely low, generally below 1000 ppm 

(parts per million). In these species, 5mC has replaced 6mA as the most abundant DNA 

modification and plays a primary role in cellular processes. Therefore, in order to demonstrate the 
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presence and significance of 6mA in vertebrate cells, particularly mammalian cells, more sensitive 

and accurate techniques are required, as well as more rigorous and in-depth research.55 

Ultra-high performance liquid chromatography triple quadrupole mass spectrometry 

(UHPLC-QqQ-MS/MS) and antibody-based dot blotting are the most commonly used methods to 

quantify the modified nucleosides in DNA/RNA samples. Although both of these methods are 

quick and efficient, they do not offer precise information about the location of modified sites on 

DNA/RNA, and their outcomes can be influenced by external DNA/RNA species. Using 6mA as 

an example, since it is highly prevalent in prokaryotic genomes, when utilizing UHPLC-QqQ-

MS/MS and dot blot techniques, bacterial contamination can lead to an overestimation of 6mA 

levels in multicellular eukaryotes.66,67 In recent years, more and more NGS- and TGS (third-

generation sequencing, aka long-read sequencing)-based methods have been developed to 

characterize 6mA modification profiles at the genome-wide level. These methods can be 

categorized into two groups: those that rely on antibodies (antibody-dependent methods) and those 

that do not require antibodies (antibody-independent methods). The antibody-dependent methods, 

such as DIP-seq, ChIP-exo (aka 6mACE-seq), SMRT-ChIP, and MM-seq, utilize antibodies 

specific to N6-methyladenosine/N6-methyldeoxyadenosine to identify the modified sites.68–72 

Despite their efficiency, the lack of specificity and sensitivity of these antibodies is often regarded 

as a potential cause of confounding factors, which may lead to systematic false positives and false 

positives. Using an IgG-immunoprecipitated control instead of input DNA or RNA can be helpful 

in reducing the antibody non-specificity.67,73 The antibody-independent methods, i.e., 6mA-RE-

seq, NT-seq, and SMRT, also show different limitations, although they are not affected by the non-

specific binding of antibodies and usually detect 6mA at single base resolution.63,74–76 The 6mA-

RE-seq method, which utilizes restriction enzymes like DpnⅠ, is only capable of detecting 6mA at 
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certain motifs such as GATC. NT-seq is a newly developed technique that has only been applied 

to detect bacterial 6mA so far. Its efficiency and accuracy in detecting 6mA in other species still 

need validation. SMRT-based methods have been widely used to detect 6mA in bacterial genomes. 

However, when applied to mammalian DNA, the SMRT signals can be easily affected by other 

modifications, such as 5mC, and bacterial DNA contamination. This can result in a high false 

positive rate when detecting 6mA sites with low modification fractions. Additionally, as a TGS 

method, SMRT has a higher technical threshold than NGS methods for most labs and requires a 

high DNA input because it can only detect 6mA from unamplified DNA. In summary, despite the 

development and improvement of various 6mA detection methods over the years, there is still a 

lack of a robust, cost-efficient, single-base resolution, highly accurate, and sensitive 6mA detection 

method at present. 

1.6   Mammalian N6-methyldeoxyadenosine: challenges and controversies 

Unlike in bacteria, where the level of 6mA can reach up to 100, 000 ppm, the abundance 

of 6mA in mammals is significantly lower and has been a topic of debate for a long time.58 The 

application of the highly sensitive detection and quantification method, UHPLC-QqQ-MS/MS, 

has resulted in widely varying estimations of 6mA abundance, ranging from 1 ppm to thousands 

of ppm in different mammalian genomes.66,77–81 These discrepancies suggest that 6mA may be 

dynamically regulated across different types of mammalian cells and, on the other hand, raise 

concerns that prokaryotic DNA contamination may have led to the overestimation of 6mA in 

certain LC-MS/MS experiments. Due to its low abundance and the absence of a dominant 

consensus motif, many 6mA mapping approaches that work effectively in bacterial DNA, such as 

DIP-seq, 6mA-RE-seq, and SMRT, are less efficient when applied to mammalian DNA.73 Studies 

conducted so far generally agree that 6mA is present in specific types of mammalian cells and 
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tissues, such as embryonic cells (e.g., stem cells) and tumors (e.g., glioblastoma), and enriched in 

non-coding regions, such as LINE, SINE elements, and intergenic regions.70,80–82 The low 

abundance and the unique genomic distribution of mammalian 6mA, in turn, makes it difficult to 

study its cellular functions. Most studies about mammalian 6mA suggest that it fine-tunes gene 

expression, while some others believe that it is simply a byproduct of DNA/RNA metabolism.55,83  

 

Figure 1.4 Proposed functions and effector proteins for 6mA on mammalian genomic DNA 

and mtDNA.  

The downward arrows refer to the repression of transcription or the decrease of level. The 

upward arrows refer to the upregulation of transcription. The question marks refer to the putative 

writer, eraser, and reader protein but with conflicting data or a lack of either in vivo, in vitro, or 

genetic evidence. 
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While the biological functions of 6mA in mammalian cells are still a topic of debate, 

identifying the regulatory and effector proteins associated with this modification is a crucial step 

toward establishing 6mA as a directed and functional epigenetic mark in mammals.54 So far, only 

two methyltransferases, N6AMT1 and METTL4, along with two demethylases, ALKBH1 and 

ALKBH4, have been reported as putative 6mA writer and eraser proteins in mammalian cells 

(Figure 1.4).54 N6AMT1, also known as N6-adenine-specific DNA methyltransferase, has been 

reported to have a regulatory role in 6mA levels in multiple mammalian cells, such as human liver 

cancer cells and mouse primary cortical neurons.84,85 However, its methyltransferase activity has 

been questioned due to its lack of activity even in vitro.81 In contrast, the methyltransferase activity 

of METTL4 on 6mA has been confirmed both in vitro and in vivo.69 Studies have shown that 

METTL4 regulates 6mA modification on mtDNA and thus affects mitochondrial replication, 

transcription, mitochondrial activities, and adipogenesis in certain types of human/mouse cells.69,86 

As for demethylases, ALKBH1 has been found to erase 6mA in vitro and in various cell types, 

such as mESCs, patient-derived glioblastoma models, and human cancer cell lines.70,71,81,85 It has 

also been suggested that ALKBH1 acts as a 6mA demethylase in human mtDNA, affecting 

oxidative phosphorylation.70 However, ALKBH1 has multiple catalytic substrates; it also mediates 

tRNA oxidation and demethylation in mammalian cytosol and mitochondria.54,87 In addition, it 

only exhibits demethylation activity on ssDNA but not on dsDNA, which raises concerns about 

whether its biological effects mostly arise from tRNA oxidation or DNA 6mA demethylation.54,86 

Regarding ALKBH4, it has shown a low level of demethylation activity on dsDNA in vitro and 

needs more in vivo and cell-based evidence to support its function.86 It is not difficult to see that, 

based on current research progress, there is no methyltransferase or demethylase that has been 

fully validated to regulate 6mA modification on mammalian genomic DNA. Therefore, whether 
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6mA modification exists on mammalian gDNA, whether it is a directed epigenetic mark, and what 

biological functions it plays in cells are still difficult questions to answer. Developing more 

accurate, sensitive mapping methods that are suitable for detecting 6mA in mammalian genomes 

holds the promise of providing definitive and compelling answers to these questions. 

1.7   Scope of this thesis 

My thesis primarily delves into two projects that revolve around either the application or 

the development of NGS-based methods to unveil the cellular functions of two crucial gene 

expression regulation processes: mRNA alternative splicing and DNA methylation. By examining 

SYNGAP1 exon 11 A3SS and genomic 6mA modification in glioblastoma cells, respectively, this 

thesis exemplifies the pivotal roles played by these two processes in neural development and 

oncogenesis. 

Chapter 2 presents the transcriptome-wide survey of unproductive splicing events 

regulated by polypyrimidine tract-binding (PTB) proteins and dynamically regulated in neural 

development. Among the various splicing events, SYNGAP1 exon 11 A3SS stands out as the most 

significant. Sequentially, this chapter describes the investigation of its regulation mechanism, 

evolutionary aspects, functional implications, and genetic manipulation by antisense 

oligonucleotides (ASOs). 

In Chapter 3, the focus shifts toward the development, validation, and practical application 

of DR-6mA-seq. This cutting-edge method utilizes Illumina sequencing at a base-resolution level 

and is antibody-independent and cost-effective, offering a genome-wide analysis of 6mA 

modifications in multiple species.  

Chapter 4 provides a comprehensive summary and discussion of the pivotal discoveries 

presented in this thesis. It also offers insights into potential inspirations for future studies, the 
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application prospects of the developed techniques, and an in-depth exploration of the limitations 

encountered during the research. Furthermore, this chapter raises thought-provoking questions that 

require further investigation to expand our understanding of the subject matter.  
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Chapter 2  

Unraveling the Role of Unproductive Pre-mRNA Splicing in Brain 

Development: A Focus on SYNGAP1 A3SS 

2.1   Introduction: pre-mRNA alternative splicing in brain development 

Pre-mRNA alternative splicing is a critical process that increases the diversity of 

transcriptomic and proteomic profiles while also post-transcriptionally regulating mRNA levels. 

It is highly prevalent in developing brains and significantly impacts various stages of nervous 

system development, including cell fate determination, neuronal migration, axon guidance, and 

synaptogenesis.88 In fact, as cells advance along the neuronal lineage, alternative splicing patterns 

undergo significant changes. These alternative splicing events, especially those unproductive ones, 

precisely control the expression of neural-enriched alternative splicing factors, neural development 

regulators, and neuronal components. 

The brain-development-related alternative splicing events are mostly modulated by the 

alterations in the expression of specific RBPs, including PTBP1, PTBP2, RBFOX1, RBFOX2, 

SRSF2, SBM4, NOVA1, NOVA2, nSR100, and so on (Figure 2.1A).88,89 Taking PTB proteins as 

an example, a significant shift occurs in the predominant expression pattern during the 

differentiation of progenitor cells into mature neurons, transitioning from PTBP1 to its neuronal 

homolog, PTBP2 (nPTB). This transition plays a crucial role in the transformation of neural stem 

cells (NSCs) into neurons (Figure 2.1B).89,90 Notably, PTBP1 functions by suppressing the 

inclusion of exon 10 in PTBP2, resulting in the generation of an mRNA variant that skips exon 10 

and is susceptible to NMD.91 Consequently, PTBP1 acts as a suppressor for the expression level 

of PTBP2 in non-neuronal cells and neural progenitor cells (NPCs). PTBP1 and PTBP2 share 
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similar domain organization and exert control over overlapping yet distinct sets of splicing 

events.92 While PTBP1 inhibits the splicing of specific neural targets, thereby impeding neuronal 

differentiation, PTBP2 expression increases during the differentiation of neuronal cells and 

activates certain neural targets that facilitate the differentiation process (Figure 2.1B).93 However, 

as cells mature and undergo synaptogenesis, PTBP2 is subsequently downregulated. This 

sequential downregulation of PTBP1 and PTBP2 plays a vital role in two transitions of splicing 

regulation throughout neuronal differentiation and maturation, as well as the functional expression 

of PSD-95 (DLG4), a vital postsynaptic scaffolding protein in excitatory neurons, through the 

splicing control at its exon 18 (Figure 2.1B).94,95  

 

Figure 2.1 The critical splicing regulators in brain development 
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(Figure 2.1, continued) A) The schematic diagram showing the representative splicing factors 

(depicted in green boxes) that play crucial roles in various processes during brain development, 

encompassing self-renewal and fate determination of neural stem cells, neuronal cell 

differentiation, neuron migration during corticogenesis, synaptogenesis, and neurite outgrowth. B) 

Changes in the expression of PTBP1 and PTBP2 proteins define three splicing regulatory states 

during brain development and facilitate neuronal differentiation. 

 

The dysregulation of these splicing events is associated with various brain developmental 

disorders. The most striking evidence is that the conditional knockout or haploinsufficiency of 

many neural-enriched alternative splicing factors, including PTBP1 and nSR100, all leads to 

developmental defects such as hydrocephaly and autistic-like phenotypes in mice.96,97 There is 

compelling evidence demonstrating the impact of intronic mutations in neural genes on aberrant 

splicing, as evidenced by their discovery in patients with various brain developmental disorders. 

One such example is the c.1429+182 G>A mutation identified in FLNA, which results in a cell-

type- and tissue-specific partial LOF of this actin-binding protein and gives rise to an atypical 

periventricular nodular heterotopia (PVNH) syndrome in affected patients.98 The presence of 

heterozygous mutations, such as c.277dupA and c.1672+2T-C, in DLG4 has been reported in 

patients with autosomal dominant intellectual developmental disorder-62 (MRD62). This mutation 

has been predicted to induce aberrant splicing, leading to a frameshift and premature termination 

of the protein.99,100 

In recent years, significant progress has been made in leveraging advanced technologies 

such as RNA-Seq and single-cell RNA-Seq to explore alternative splicing events within the 

transcriptome. These breakthroughs have provided us with the means to investigate splicing 

patterns under varying conditions or in diverse tissues. To identify and quantify differentially 

splicing events from (single-cell) RNA-Seq data, diverse computational approaches have been 

developed.101 By uncovering cryptic splicing events, we gain valuable insights into the intricate 

molecular mechanisms underlying brain development. 
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2.2   Results 

2.2.1 Transcriptome-wide survey of differential and unproductive splicing events during 

brain development 

Alternative splicing can result in the exclusion of a canonical exon or the inclusion of an 

extra exon, leading to a PTC in the transcript. When a PTC is located over 55 bp away from a 

downstream exon-exon junction, it triggers mRNA degradation during protein translation.102 To 

gain a comprehensive understanding of the unproductive splicing events that introduce PTCs and 

their involvement in brain development, we treated E14 DIV1 (embryonic day 14, 1 day in vitro) 

mouse cortex primary neurons isolated on with the translation inhibitor cycloheximide (CHX). 

This treatment was expected to increase the abundance of unproductive splicing isoforms in the 

CHX-treated RNA library compared to the control group treated with DMSO. We performed bulk 

RNA-Seq on these samples and conducted the differential splicing analysis. 

Simultaneously, we analyzed long-read RNA-Seq data obtained from the E11.5 

(embryonic day 11.5) and E18 (embryonic day 18) mouse central neural system (CNS) to capture 

differentially spliced (DS) isoforms during neuronal development. Using DS analysis, we 

identified more than 500 isoforms that were both classified as unproductive transcripts that are 

subject to NMD and differentially spliced during neuronal maturation (p-value <0.001, 

|IncLevelDifference|>0.1) (Figure 2.2A). To functionally categorize these unproductive splicing 

events, we performed Gene Ontology analysis for the DS isoforms identified in the CHX-treated 

and control RNA-Seq datasets (Figure 2.2B). Z-scores were computed by evaluating the fold 

change in exon inclusion rates between E11.5 and E18 CNS, thereby offering insights into the 

enrichment of isoforms within certain clusters during early or late brain development stages. 

Negative values indicated more genes in a cluster undergoing unproductive splicing in the early 
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brain developmental stage (E11.5), while positive values suggested that genes in a cluster tended 

to undergo unproductive splicing in the late brain developmental stage (E18) (Figure 2.2B). 

To understand the regulatory factors facilitating these unproductive splicing events during 

development, we analyzed the binding sites of over 100 known RNA-binding proteins (RBPs) 

around the differentially spliced regions (Figure 2.2C). Splicing events were categorized into five 

major types, and motif enrichment scores were determined in different regions adjacent to the 

affected splice sites. We identified motifs of 37 RBPs that were enriched in the vicinity of these 

DS exons (p-value <0.001), promoting either exon inclusion (pink) or exclusion (green) (Figure 

2.2C). 
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Figure 2.2 RNA-Seq reveals dynamic unproductive alternative splicing regulated by Ptbp1 

in mouse brain development 
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(Figure 2.2, continued) A) Heatmap showing the inclusion ratios of differentially spliced 

isoforms in brain developmental stages (E11.5 vs. E18 mouse CNS) and the mRNA isoforms that 

are subject to NMD (CHX-treated vs. DMSO-treated E14 neuron culture). The inclusion ratios of 

alternative exon/intron are indicated by color. B) Bubble plot showing the Gene Ontology 

enrichment of unproductive splicing events, which differentially occur in E11.5 vs. E18 mouse 

CNS. The top clusters are annotated. The size of the bubble indicates the number of genes in certain 

cluster. The Z-scores indicate whether the biological process/molecular function/cellular 

components is more likely to have less (negative value) or more (positive value) unproductive 

gene isoforms in E18 stage compared to E11.5 stage. C) The motif analysis revealing the potential 

splicing regulators of E18-enriched unproductive splicing events. The numbers on right count the 

differential splicing events. D) The motif maps of the top candidate regulator, Ptbp1. The arrows 

point to the regions highly enriched with Ptbp1-binding motifs near either the enhanced or silenced 

splicing sites. E) Venn diagram showing the overlapped splicing events among differentially 

spliced isoforms in early vs. late brain developmental stages, CHX-treated vs. control, and Ptbp1/2 

double knockdown vs. control RNA-Seq datasets. 

2.2.2   Ptbp1 is a top splicing regulator of differential unproductive splicing events in brain 

development 

Based on our data, we observed that Ptbp1 is the key splicing regulator, potentially 

controlling alternative splicing choices of numerous unproductive isoforms during brain 

development. For example, the Ptbp1 binding motif CTCT[CT][CT] was enriched in the 3' splice 

site of these DS exons (Figure 2.2D). Notably, the expression of PTBP1 itself dynamically changed 

during development, likely due to self-regulation involving an unproductive splicing event in one 

of its exons (Figure 2.1B). To gain further insight into the splicing events controlled by Ptbp1, we 

used lentivirus-mediated delivery of short hairpin RNA (shRNA) to knock down Ptbp1 or/and its 

homolog Ptbp2 in Neuro2a, a mouse neural crest-derived cell line that has been extensively used 

to study neuronal differentiation.103 PTBP1 and PTBP2 have redundant functions in regulating 

pre-mRNA splicing and repressing each other's expression through unproductive splicing.92 We 

observed that double knockdown of Ptbp1 and Ptbp2 resulted in a significant depletion of most 

PTBP proteins compared to single knockdown of PTBP1 or PTBP2 (Figure 2.5B). By performing 

DS analysis using scramble and double knockdown data, we identified over 1100 isoforms that 
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exhibited splicing patterns predicted to be regulated by Ptbp1/Ptbp2 with high confidence (P-vaule 

<0.001, |IncLevelDifference|>0.1). Notably, more than 100 isoforms were found to be overlapping 

DS events in all three RNA-Seq datasets, suggesting that these unproductive splicing events are 

differentially regulated during early and late brain developmental stages by PTB proteins (Figure 

2.2E).  

With a comprehensive overview of unproductive splicing events in the mouse brain, the 

question of the specific role these events play in neuronal development becomes critical. 

Deciphering the significance of producing numerous "useless" transcripts in terms of energy and 

material costs for cells requires understanding whether unproductive splicing serves as a post-

transcriptional regulatory pathway to facilitate protein differential expression (DE) during brain 

development. To explore this function, we focused on a top unproductive DS exon, alternative 3' 

splice site (A3SS) of Syngap1 exon 11, as an example (Figure 2.2E). 

2.2.3   Alternative 3' splicing event regulates SYNGAP1 expression 

Syngap1 is a critical synaptic Ras GTPase-activating protein (GAP) that plays a significant 

role in neurons.104 Our analysis of mouse CNS RNA-Seq data revealed the utilization of a cryptic 

alternative 3' splice site (A3SS) located 207 bp upstream of the canonical splice site in mouse 

Syngap1 intron 10 during early developmental stages (E11.5). In contrast, the canonical 3' splice 

site is predominantly used by the spliceosome during late stages (E18), resulting in the removal of 

the additional 207 bp cryptic exon. To gain insights into the spatiotemporal dynamics of this A3SS 

and its conservation in humans, we obtained RNA-Seq data from the ventricular zone (VZ) and 

cortical plate (CP) of both E14.5 mouse cortex and human fetal cortex (Figure 2.3A-B). Consistent 

with our previous findings, we observed significant inclusion of Syngap1 exon 11 A3SS in mRNA 

from neural progenitor cells in the VZ, while it was excluded from neuronal mRNA in the CP, in 
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both species. This suggests that the splicing of Syngap1 exon 11 A3SS is not only temporally 

regulated but also spatially controlled during brain development. Additionally, we performed 

semi-quantitative RT-PCR using human fetal brain cDNA and mouse dorsal cortex cDNA to 

confirm these observations (Figure 2.3C-D). The exclusion and inclusion isoforms of 

SYNGAP1/Syngap1 A3SS were simultaneously amplified, represented by the top and bottom 

bands in the results, respectively. A striking splicing switch from a high percent splicing-in (PSI) 

to a low percent splicing-in was observed when comparing early developmental stages (GW15 for 

human; E12 for mouse) with late developmental stages (GW18 for human; P40 for mouse). Similar 

splicing switches were also observed when comparing the A3SS inclusion ratio between human 

VZ tissue and CP tissue from the same brain. 

We further examined the splicing pattern of Syngap1 exon 11 in non-central nervous 

system (non-CNS) tissues. Analysis of ENCODE/CSH Long RNA-Seq panels using the UCSC 

Genome Browser revealed predominant insertion of the A3SS of Syngap1 exon 11 in non-CNS 

such as the heart, kidney, lung, limb, ovary, and testis (Figure 2.3E). In contrast, this A3SS was 

almost entirely spliced out in adult mouse cortex and frontal lobe mRNAs (Figure 2.3E). 

Collectively, these findings indicate that Syngap1 exon 11 A3SS is predominantly included, 

resulting in a longer exon 11, in non-neural tissues and early developing fetal brain or brain regions 

enriched with neural progenitor cells (NPCs). As more mature neurons emerge, the A3SS is 

predominantly excised during late embryonic stages and in the adult brain, leading to the 

production of the canonical coding exon 11. 

To explore the molecular function of this alternative splicing event in Syngap1/SYNGAP1, 

we examined the mRNA sequences and identified an in-frame stop codon (TGA) within exon 11 

A3SS in both human and mouse (Figure 2.4C). This premature stop codon resides in the coding 
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region of the RasGAP domain and is expected to either trigger nonsense-mediated mRNA decay 

(NMD) or produce a truncated Syngap1/SYNGAP1 protein with a disrupted core domain. (Figure 

2.3H) To distinguish between these possibilities, we employed two methods to block the NMD 

process. The brief treatment of Neuro2a cells with CHX, the protein translation inhibitor, resulted 

in the accumulation of the A3SS-harboring isoform, indicating NMD exemption for transcripts 

with premature termination codons. The results of semi-quantitative RT-PCR showed a marked 

increase in the abundance of the A3SS-harboring isoform after CHX inhibition, supporting the 

role of NMD in regulating this isoform (Figure 2.3F). Consistently, knockdown of Upf1, an 

essential RNA helicase involved in NMD, also led to an increase in the A3SS-harboring isoform 

compared to the A3SS-exclusion isoform (Figure 2.3F).105 

Strikingly, despite the remarkable levels of the A3SS-harboring mRNA, we did not detect 

the hypothetical truncated Syngap1 protein in Neuro2a cells or early-stage fetal cortex (Figure 

2.3G). These results suggest that the Syngap1 A3SS-harboring isoform is subject to NMD, leading 

to the degradation of the unproductive mRNA isoform. Consequently, this post-transcriptional 

regulation serves as a mechanism for controlling the expression of the Syngap1 protein across 

different tissues and during brain development. 
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Figure 2.3 Human and mouse SYNGAP1 exon 11 PTC-harboring A3SS are spliced-out 

specifically in neurons and subject to NMD 

A)-B) The RNA-Seq data showing the splicing patterns of human SYNGAP1 and mouse Syngap1 

E11 A3SS in ventricular zone (VZ) and cortical plate (CP). Exon–intron structures of the splicing 

isoforms are given on top. C)-D) The gel images of RT-PCR showing that human SYNGAP1 and 

mouse Syngap1 E11 A3SS are dynamically regulated during brian development. E) RNA-Seq data 

(ENCODE/CSHL) showing splicing patterns of Syngap1 E11 A3SS in different brain 

developmental stages and across multiple tissues. F) The gel images of RT-PCR showing the 

splicing patterns of Syngap1 A3SS in Neuro2a cells under CHX treatment and Upf1 knockdown. 

G) Western-blot showing Syngap1 protein expression increases during brain development with 

the putative truncated protein isoform undetectable. H) The schematic diagram illustrating the 
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(Figure 2.3, continued) molecular fate of Syngap1 isoforms in neuron and non-neuronal cells. 

The PTC-harboring exon 11 A3SS is marked in pink. 

 

2.2.4   Syngap1 A3SS is conserved in mammals 

Syngap1/SYNGAP1 is believed to have originated from gene and whole genome 

duplication events in the vertebrate lineage.106 This raises the question of whether the unproductive 

splicing event involving exon 11 of Syngap1/SYNGAP1 is conserved across vertebrate species. To 

address this question, we conducted a detailed examination of the sequential features and splicing 

patterns within Syngap1 intron 10 in multiple vertebrate species. Multiple sequence alignment data 

of Syngap1 genes were obtained from the UCSC Genome Browser, while RNA-Seq data revealing 

splicing patterns were obtained from the NCBI Genome Data Viewer. Our analysis revealed that 

while exon 10 and exon 11 are highly conserved among vertebrates, the length and structure of 

intron 10 vary significantly (Figure 2.4A). In mammalian Syngap1 intron 10, a poly-pyrimidine 

region is located near the canonical 3' end, with shorter lengths observed in lower mammals (e.g., 

opossum) and longer lengths observed in higher mammals (e.g., mouse) (Figure 2.4A). 

Additionally, an ultra-conserved long intronic region specific to mammals is situated upstream of 

the alternative exon (A3SS). The regulatory function of these regions in facilitating the occurrence 

of the A3SS alternative splicing event will be explored in greater depth in subsequent sections 

(Figure 2.5). Furthermore, the premature stop codon (TGA) introduced by the A3SS in humans 

and mice is also conserved in other mammalian species. In contrast, none of these features are 

observed in intron 10 of non-mammalian vertebrates, such as fishes, frogs, and birds (Figure 2.4A). 

Consistently, the A3SS of Syngap1 intron 10 was only detected in mammalian RNA-Seq data. 

Summarizing these observations, we can conclude that the A3SS harboring a PTC in 

Syngap1/SYNGAP1 is mammal-specific.  
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After identifying the conservation of Syngap1 exon 11 A3SS in mammals, we conducted 

multiple sequence alignment for ten representative mammalian species using the evolutionarily 

constrained region of Syngap1 intron 10. This region spans from the mammalian ultra-conserved 

long intronic region to the canonical 3' splice site (Figure 2.4B). Interestingly, the genomic 

proximity of species on the gene or whole genome phylogenetic tree does not necessarily correlate 

with their proximity in terms of the evolutionarily constrained region of Syngap1 intron 10. For 

example, the dog (Canis lupus familiaris) is genetically closer to the pig (Sus scrofa) than to the 

human (Homo sapiens); however, the intron 10 structure of the dog and human shows striking 

similarity, distinguishing them from the pig. This observation is consistent with the previous report 

that the constitutive and alternative regions in mammalian genes evolve in different ways.107 

Another noteworthy observation is that in mammals, Syngap1 intron 10 utilizes various 

"AG" sites for the A3SS, depending on the variable intron sequences, while the introduced PTC 

(TGA) remains in-frame and highly conserved across species (Figure 2.4C). For instance, in Figure 

2.4C, all ten mammalian species examined possess the "NNNCAG" alternative splice site used by 

the opossum (Monodelphis domestica) and guinea pig (Cavia porcellus), while the other eight 

species have evolutionarily acquired and adopted other upstream cryptic splice sites. These 

subsequently emerged alternative splice sites are likely to be stronger than the primitive ones 

utilized by opossum and guinea pig. Interestingly, the ultra-conserved PTC (TGA) always 

maintains the correct reading frame, regardless of the specific A3SS utilized across species. This 

sequence variability and functional conservation indicate that although noncoding regions exhibit 

loose constraints, the mutations facilitating the Syngap1 unproductive splicing event have been 

positively selected during evolution. This emphasizes the likely involvement of this splicing event 

in mammalian-specific adaptation, e.g. the formation of the unique brain features and functions. 
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Figure 2.4 SYNGAP1 unproductive splicing event is mammal-specific, variable in sequence 

but functionally conserved 

A) Schematic diagram showing the multiple sequence alignments of SYNGAP1 exon 10, intron 10 

and exon 11, for seven representative vertebrates. a, b, and c zoom in and show the sequence 

alignment at the 5’ splice site, mammal-conserved AS-required region in intron 10, and 3’ splice 

site, respectively. B) Phylogenic tree built by aligning mammal-conserved AS-required region of 

SYNGAP1 intron 10, with the alignment shown on the right. Mammals in the same colors use the 

same alternative splicing sites. C) Sequence alignment showing that the premature stop codon 

(TGA) in SYNGAP1 A3SS is conserved in mammals while the splice acceptor sites (AG) are 

variable. The AG sites were annotated according to RNA-Seq results of corresponding species in 

NIH Genome Data Viewer. 

 

2.2.5   PTBP1/2 regulates SYNGAP1 splicing by interfering the function of spliceosome 

How does this mammalian-specific alternative 3' splicing event occur, and how is it 

controlled spatiotemporally? Alternative splicing is often regulated by the binding of RNA binding 

proteins (RBPs) to cis-regulatory RNA sequences. Based on the analysis of Ptbp1/2 double-

knockdown DS analysis results, we hypothesized that Ptbp1/2 may regulate the splicing choice at 
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Syngap1/SYNGAP1 intron 10. Consistent with the findings from RNA-Seq, semi-quantitative RT-

PCR experiments confirmed that Ptbp1 and Ptbp2 double knockdown significantly reduces the 

insertion of Syngap1 A3SS (Figure 2.5B). Considering that the RNA-binding protein hnRNP C 

has been reported to repress alternative exons by interfering with the recognition of core splicing 

factors108, we investigated whether the competition between Ptbp1/2 and the 3' splice site 

recognition factor is involved in the regulation of Syngap1 A3SS. To examine the binding pattern 

of Ptbp1/2 on Syngap1 transcripts and their competition with the 3' splice site recognition factor, 

we analyzed published CLIP-Seq datasets for Ptbp1/2 and U2af65, a core splicing factor essential 

for 3' splice site recognition. Co-visualization of these datasets with mouse fetal brain RNA-Seq 

data revealed the binding of all three proteins at and near the Syngap1 exon 11 A3SS (Figure 2.5A). 

Remarkably, the binding of U2af65 at the canonical 3' splice site of exon 11 overlapped with a 

strong peak of Ptbp1 binding, suggesting a potential competition between these two proteins at 

this site, leading to weakened splicing. 

The competition between Ptbp1 (and Ptbp2) and U2af65 is possibly due to their similar 

binding motifs, as both proteins recognize polypyrimidine tracts. To investigate the detailed 

regulatory function of Ptbp1 on Syngap1 A3SS, we first determined the precise positions of cis-

regulatory elements that could potentially bind to Ptbp1 and U2af65. We generated multiple 

minigene constructs containing a genomic fragment of human SYNGAP1 exon 9-12, with deletions 

of potential regulatory regions identified by CLIP-Seq and conserved regions across vertebrates 

(Figure 2.5C). These minigene constructs were transfected into Neuro2a cells, which are 

functionally similar to neuronal progenitors, and mRNA was subsequently harvested. Interestingly, 

the removal of either the mammalian ultra-conserved long intronic region (Site #1) or the potential 

U2af65 binding site (Site #2) upstream of SYNGAP1 A3SS, as revealed by semi-quantitative RT-
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PCR, resulted in the enhanced exclusion of this alternative exon from the transcripts. Conversely, 

the depletion of the potential U2af65/Ptbp1 competitive binding site (Site #3) upstream of the 

canonical 3' splice site increased the usage and inclusion of the A3SS (Figure 2.5C). These two 

potential U2af65 binding sites (Site #2 and #3) upstream of the 3' splice sites were both enriched 

with polypyrimidine tracts. To examine the affinity of PTBP1 for the U2af65 binding sites, we 

performed electrophoretic mobility shift assays (EMSAs) using PTBP1 protein and RNA probes 

corresponding to the upstream and downstream binding sites (Figure 2.5D). A noticeable band 

shift was observed with increasing amounts of PTBP1, and the shift decreased when cold 

competitors were added, suggesting that PTBP1 can bind to both sites. Interestingly, when adding 

cold probes of the other site as competitors, we observed that PTBP1 binding to the upstream site 

was completely abolished by the addition of the cold probe for the downstream site. In contrast, 

the band shift remained when using the cold probe of the upstream site to interfere with the binding 

of the upstream site. These results demonstrate that PTBP1 can tightly bind to the U2af65 binding 

site near the canonical intron 10 splice site, and it also exhibits a weaker binding to the alternative 

U2af65 binding site near the cryptic intron 10 splice site. 

Based on the aforementioned findings, we propose a comprehensive model that elucidates 

the mechanism by which PTBP1 promotes the inclusion of SYNGAP1 A3SS by competing with 

U2AF65 (Figure 2.5F). In cells characterized by high expression levels of PTBP1 and/or PTBP2, 

such as non-neural tissues and early embryonic neural tissues, PTBP1/2 competes with U2AF65 

at the canonical splice site and exhibits a higher binding affinity. This competition effectively 

hinders U2AF65 from binding to the downstream polypyrimidine tract near the canonical splice 

site. Consequently, U2AF65 is compelled to recognize and bind to an alternative upstream cryptic 

splice site, which exhibits weaker affinity with PTBP1. This dynamic interaction ultimately leads 
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to the inclusion of the additional intronic fragment (A3SS) within the mature mRNA transcripts 

of SYNGAP1. Conversely, in cells lacking PTBP1/2, i.e., the mature neurons, the entire intron is 

successfully excised from SYNGAP1 transcripts without interference from PTBP1/2 hindering 

U2AF65 recognition. Notably, similar splicing regulation mechanisms involving competitive 

binding between U2AF65 and other RBPs have been previously observed in other genes and 

elements, such as cardiac troponin T (cTNT) and Alu elements.108,109 

Based on our proposed model, we conclude that PTBP1/2 exerts a post-transcriptional 

repressive effect on SYNGAP1 expression through its promotion of the inclusion of a PTC-

harboring A3SS. This promotion is facilitated by PTBP1/2's competitive binding at the U2AF65-

bound polypyrimidine tract. To further substantiate the impact of Ptbp1 in regulating Syngap1 

expression, we conducted experiments involving the transfection of E14 DIV3 primary neurons 

derived from the mouse cortex. One week post-transfection, we observed a significant reduction 

in Syngap1 protein levels in neurons that re-expressed Ptbp1 when compared to untransfected 

neurons (Figure 2.5E). Collectively, these findings strongly support the conclusion that PTBP1/2 

negatively regulates SYNGAP1 expression by promoting a mammalian-specific unproductive 

splicing event. 
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Figure 2.5 Syngap1 unproductive splicing event is regulated by PTB proteins 

A) CLIP-Seq analyses showing Ptbp1, Ptbp2, and U2af65 binding peaks in the A3SS region. B) 

Western blot results showing shRNA knockdown of Ptbp1 and Ptbp2 in Neuro2a cells. Two 

different shRNAs were used for each of Ptbp1 and Ptbp2. RT-PCR results showing that loss of 

Ptbp1/2 promoted splicing of the canonical/productive Syngap1 isoform. C) Minigene constructs 
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(Figure 2.5, continued) of the human SYNGAP1 showing deletion of predicted splicing elements 

and RT-PCR results showing their effects on A3SS insertion (two replicates). Noticeably, the 

intronic element (site #1) and predicted upstream U2AF65-PTBP binding site (site #2) were 

required for A3SS inclusion; the predicted U2AF65-PTBP binding site (site #3) was required for 

canonical splicing and A3SS skipping. D) Electrophoretic mobility shift assays showing that 

PTBP1 binds strongly to the polypyrimidine region near the constitutive splicing site and also the 

upstream U2AF65 binding site. E) Immunofluorescence staining of E14 DIV11 primary cortical 

neurons showing that ectopic expression of PTBP1 (green) decreased Syngap1 protein level (red). 

F) Current working model: in neural progenitors and differentiating neurons, PTBP proteins bind 

to site #3 in A3SS (red) and suppress the canonical/neuronal 3’ splice site; in neurons, PTBP 

proteins are turned down/off, and site #3 is exposed for splicing machinery (U2AF65) recognition, 

which promotes neuronal isoform expression. 

2.2.6   Disrupting SYNGAP1 splicing causes deficient neuronal development 

After comprehensively elucidating the dynamic changes and regulatory mechanism of 

Syngap1/SYNGAP1 exon 11 A3SS, we became intrigued by the significance of precise timing and 

controlling this unproductive splicing event in mammals. To address this question, I investigated 

the potential outcomes of constitutive inclusion or exclusion of the A3SS in Syngap1/SYNGAP1 

transcripts. 

Permanent inclusion of the intron 10 A3SS results in nonsense-mediated mRNA decay 

(NMD) of Syngap1/SYNGAP1 mRNA during the first round of translation, essentially abolishing 

protein expression. Mouse models with constitutive inclusion should exhibit phenotypes similar 

to those observed in Syngap1 knockout mice. Homozygotes of these mice die a few days after 

birth, while heterozygotes display accelerated synapse maturation and cognitive impairments. 

Notably, haploinsufficiency of SYNGAP1 due to loss-of-function (LOF) mutations is a dominant 

cause of non-syndromic intellectual disability (NSID) in the population. To explore whether 

mutations leading to aberrant exonization of the intron 10 A3SS or mutations within intron 10 

itself could give rise to SYNGAP1-related NSID, we examined reported cases of causal mutations 

near SYNGAP1 intron 10 splice sites. Interestingly, we identified two cases in which female 

patients exhibited similar phenotypes of mental retardation and epilepsy, possibly stemming from 
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disrupted splicing at SYNGAP1 intron 10.110,111 One NSID patient, aged 34, harbored a G to A 

mutation at the +5 position of the intron 10 splice donor site, while another 8-year-old patient 

carried a 9-bp deletion at the 3' splice site of intron 10 (Figure 2.6A-B). To investigate the impact 

of these mutations, we constructed minigenes for both mutations and transfected them into 

Neuro2a cells, subsequently harvesting RNA for analysis. Our RT-PCR results validated our 

hypothesis: the two mutations, respectively, led to the retention of the entire intron 10 and elevated 

A3SS inclusion. In both scenarios, the exonized intron 10 introduced a premature termination 

codon (PTC), triggering NMD of additional SYNGAP1 mRNA molecules (Figure 2.6C). Therefore, 

the aberrant inclusion of Syngap1/SYNGAP1 A3SS can give rise to parallel defects in brain 

development, akin to the insufficiency resulting from Syngap1/SYNGAP1 haploinsufficiency. 

After this, I sought to understand whether the constitutive exclusion of Syngap1 A3SS 

affects mouse development by genetically deleting this NMD event without affecting the protein-

coding isoform. Based on the results above (Figure 2.5C), I deleted the intronic elements and the 

splice acceptor site required for A3SS-NMD insertion with CRISPR-Cas9 and created a mouse 

strain named Syngap1-NISO (standing for Neuronal ISOform, N allele, 268 bp deletion). With the 

help from the collaborators, we observed that homozygous deletion of mouse Syngap1 A3SS (N/N) 

led to a modest reduction in the magnitude of long-term potentiation (LTP), but it did not overtly 

impact behavioral performance in the Barnes maze or Rotarod assays (data not shown here). Also, 

we were unable to detect Syngap1 protein in E18.5 heart or lung tissues from Syngap1 N/+ animals, 

and there was no significant cortical neurogenesis defect in Syngap1 N/N mice (data not shown 

here). Nevertheless, we found that LTP was impaired in Syngap1 cKO/+ mice and rescued in 

Syngap1 cKO/N animals, indicating that deletion of the Syngap1 A3SS- NMD alleviated the LTP 

deficits caused by the Syngap1 knockout allele (data not shown here). These findings indicate that 
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the Syngap1 A3SS possesses the ability to suppress Syngap1 expression; however, it is not the 

sole mechanism responsible for the downregulation of Syngap1 in non-neuronal cells. Plus, the 

modestly elevated Syngap1 level in non-neuronal cells does not result in apparent brain 

developmental abnormalities in normal animals but will rescue Syngap1 haploinsufficiency. 

 
Figure 2.6 SYNGAP1 intronic mutations cause intellectual disability in patients through 

unproductive splicing 

A) Schematic diagram showing SYNGAP1 exon 10-exon 11 gene structures of two human 

SYNGAP1 intronic mutations identified in autism and ID patients. Case 1 is a 33-year-old female 

with severe intellectual disability, epilepsy, and autistic features. Case 2 is a 7-year-old female 

with severe intellectual disability, ASD and hypotonia. B) Facial photographs of Case 1 patient at 

different ages, modified from D. Prchalova et al. BMC Medical Genetics (2017). C) RT-PCR 

results of SYNGAP1 minigene constructs transfected in Neuro2a cells showing that human 

SYNGAP1 intronic mutations identified in autism and ID patients led to intron 10 retention (c.1676 

+5 G>A, NM_006772.2) or abnormal A3SS inclusion (c.1677 -2_1685del) (three replicates). 

2.2.7   SSOs suppress SYNGAP1 A3SS-NMD in human iPSC- derived neurons 

Single-stranded oligonucleotides (SSOs) have demonstrated successful advancements in 

the treatment of neurological disorders, such as spinal muscular atrophy, with attempts made 

toward personalized medicine.112–114 Furthermore, they have shown potential for addressing 

haploinsufficiency in human diseases. Notably, the increased levels of Syngap1 protein resulting 

from the exclusion of Syngap1 A3SS in NISO mice and the conserved SYNGAP1 A3SS in human 

brains have prompted an investigation into the possibility of upregulating the productive isoform 
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of SYNGAP1 in human cells through SSO-mediated suppression of SYNGAP1 A3SS-NMD. SSOs 

incorporating 2'-O-methoxyethyl (2-MOE) chemistry have been successfully developed for 

splicing redirection, gene expression manipulation, and disease treatment.115 In order to identify 

SSOs capable of suppressing human SYNGAP1 A3SS-NMD, we performed ASO walk on the 

sequences within intron 10 that encompassed critical splice elements identified through serial 

deletion of the human SYNGAP1 minigene (Figure 2.5C), predicted splicing regulatory sequences 

such as branch points, and predicted stem-loop structures and conserved sequences that overlapped 

with experimentally identified splice elements (Figure 2.7A). 

Eleven SSOs (Supplemental Table 1) were synthesized using a phosphorothioate backbone 

with 2-MOE modified residues and subsequently evaluated in human induced pluripotent stem 

cells (iPSCs) (Figure 2.7A-B). Among these SSOs, CH933 and CH937 displayed the highest 

efficiency in suppressing A3SS-NMD inclusion in a human iPSC line (PGP1-iNGN) (Figures 

2.7B). Subsequently, CH933 and CH937 SSOs, along with a scrambled control and a previously 

reported ASO71, were delivered to human iPSC-derived neurons.116 The results indicated that 

CH937 exhibited the most significant decrease in A3SS-NMD inclusion (Figure 2.7C-D). 

Furthermore, the productive/functional SYNGAP1 transcript was quantified using qPCR primers 

specific to the non-NMD isoform, revealing that CH937 induced a 2.5-fold increase in functional 

SYNGAP1 mRNA (Tukey's multiple comparisons tests, adj.p-value <0.001, Figure 2.7E). In 

contrast, the ASO71 developed in HEK293 cells exhibited lower efficiency in upregulating 

SYNGAP1 transcript in human iPSC-derived neurons (1.5-fold, adj.p-value =0.029, Figure 2.7E). 

These findings demonstrate that the leading SSO, CH937, effectively suppresses human A3SS-

NMD and elevates the level of canonical SYNGAP1 transcripts in both human iPSCs and iPSC-

derived neurons. 
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Furthermore, we conducted additional investigations to assess the impact of SSO CH937 

on two additional control human iPSC lines (NA19101 and 28126). The results confirmed that 

CH937 exhibited greater effectiveness than ASO71 in reducing SYNGAP1 A3SS inclusion (Figure 

2.7F-K). Importantly, CH937 significantly increased the levels of functional SYNGAP1 transcript 

to 6.3-fold and 3.6-fold of the non-treated controls in NA19101 and 28126, respectively (Figure 

2.7H-K). Subsequently, we administered CH937 to an iPSC line derived from a SYNGAP1 patient 

carrying a heterozygous frameshift mutation (Lys114SerfsX20). The findings demonstrated that 

SSO CH937 decreased SYNGAP1 A3SS inclusion (Figure 2.7L-M) and significantly increased the 

levels of functional SYNGAP1 transcript to 2.6-fold of the non-treated controls (Figure 2.7N). 

These results provide support for the effectiveness of the lead SSO CH937 in suppressing 

SYNGAP1 A3SS and increasing the levels of functional SYNGAP1 isoform in SYNGAP1 patient-

derived iPSCs. 

To investigate whether suppression of SYNGAP1 A3SS can lead to an upregulation of 

SYNGAP1 protein, we evaluated the effects of SSO CH937 in iPSC-derived brain organoids. 

Cerebral organoids were generated from human iPSCs (28126) following a well-established 

protocol.117 Subsequently, they were transfected with CH937 on post-induction days 133, 135, and 

137, and harvested on day 139 for protein analysis (Figure 2.7O-P). The results showed that CH937 

significantly increased SYNGAP1 protein levels compared to control organoids (83% ± 28%, p-

value < 0.05 by unpaired t-test). Taking together, we identified an SSO, CH937, which effectively 

upregulates SYNGAP1 protein expression in human iPSC-derived cerebral organoids by 

suppressing the insertion of SYNGAP1 exon 11 A3SS. 
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Figure 2.7 The lead SSO upregulates SYNGAP1 expression in human iPSCs and iPSC-

derived neurons 
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(Figure 2.7, continued) A) Schematic illustration of the SSO design targeting the SYNGAP1 A3SS. 

B) RT-PCR results showing the screening of SSOs in iPSCs (PGP1-iNGN). SC71 (scrambled 

control) and ASO71 were reported before.28 One biological sample per lane. C)–E) Identification 

of the lead SSO in iPSC-derived neurons. RT-PCR results (C) and quantification (D) showing that 

CH937 suppresses SYNGAP1 A3SS in iPSC- derived neurons. Q-PCR results (E) showing that the 

productive SYNGAP1 transcript was upregulated in CH937-treated human iPSC-derived neurons. 

F)–K) The lead SSO suppresses SYNGAP1 A3SS in two additional human iPSC lines. RT-PCR 

results (F and I) and quantification (G and J) showing that CH937 suppressed SYNGAP1 A3SS in 

human iPSCs (NA19101 and 28126). Q-PCR results (H and K) showing that the CH937 

significantly increased the productive SYNGAP1 transcript levels in human iPSC lines. L)–N) The 

lead SSO suppresses SYNGAP1 A3SS-NMD in SYNGAP1 patient-derived iPSCs. RT-PCR results 

(L) and quantification (M) showing that CH937 suppressed SYNGAP1 A3SS in SYNGAP1-

patient-derived iPSCs (333del, Lys114SerfsX20). Q-PCR results (N) showing that the CH937 

significantly increased the productive SYNGAP1 mRNA level. O)–Q) Application of CH937 to 

human iPSC-derived cerebral organoids (O) led to increased SYNGAP1 protein expression (83% 

± 28%, P and Q). P-value < 0.05 by unpaired t-test. 

 

2.3   Discussion and Conclusion 

Unproductive splicing events play a role in the selective degradation of mRNA transcripts 

through spatiotemporally controlled alternative splicing. This mechanism has been suggested as a 

means of regulating the expression of specific proteins, such as PSD-95, during neural 

development.94 In this chapter, I conducted a comprehensive survey and cataloged numerous 

unproductive splicing events that trigger nonsense-mediated decay in the brain. Interestingly, in 

addition to previously reported synaptic proteins, I found that proteins involved in cell-cell 

adhesion undergo unproductive splicing in later stages of neural development. This novel 

observation warrants further investigation. 

In the subsequent sections of this chapter, I focused on SYNGAP1, a synaptic protein 

associated with mental retardation. Different SYNGAP1 protein isoforms exist and are generated 

through alternative splicing and alternative promoter usage.118 One of the promoters of SYNGAP1 

is likely shared with the neighboring gene, CUTA, which is widely expressed in multiple tissues 

(The Eukaryotic Promoter Database). However, SYNGAP1 protein is hardly detectable or weakly 
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expressed in non-neuronal tissues, indicating a missing link between the ubiquitous transcription 

and neuron-specific protein expression. We demonstrated that mammalian Syngap1 genes adopt 

an unproductive splicing event to reduce transcript abundance and protein expression in non-

neuronal tissues. Furthermore, we showed that this AS-NMD-dependent regulation is positively 

selected during mammalian evolution and likely plays a beneficial and critical role in brain 

development. Interestingly, perpetuation or abolishment of the alternative splicing event leads to 

defective neural development, albeit with varying severity. 

A striking coincidence is the remarkably similar unproductive splicing of PSD-95, which 

directly interacts with SYNGAP1 in the postsynaptic density (PSD). This splicing event is 

regulated by PTBP1/2 and occurs in early brain developmental stages as well as in the non-neural 

tissues.94 The occurrence of these two splicing events in the major components of the PSD also 

shows evolutionary concurrence. Previous studies have shown that SYNGAP1 and PSD-95 exhibit 

a near stoichiometric ratio in the PSD, and this protein ratio is critical for the formation of liquid-

like droplets containing SYNGAP1 and PSD-95.119 It can be hypothesized that abolishing either 

of these two NMD-splicing events may disrupt the protein ratio and local concentration, thereby 

affecting the formation of the SYNGAP1/PSD-95 liquid phase. This may explain the coexistence 

of these two unproductive splicing events in mammals. 

In addition to elucidating the functional significance of developmentally regulated and 

neuron-specific alternative splicing programs, our research also lays the foundation for utilizing 

splicing-switch oligonucleotides (SSOs) to treat a wide range of haploinsufficiency-related 

diseases. As an example, loss-of-function mutations in one allele of SYNGAP1 lead to mental 

retardation in humans, often accompanied by epilepsy and autism. We propose that targeting 

SYNGAP1 intron 10 with SSOs could increase the expression of SYNGAP1 from the unaffected 
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allele by skipping the NMD-associated alternative 3' splice site (A3SS-NMD), thereby rescuing 

SYNGAP1 haploinsufficiency during brain development. Our lead SSO, CH937, effectively 

suppressed SYNGAP1 A3SS in human induced pluripotent stem cells (iPSCs) and iPSC-derived 

neurons, resulting in a significant increase in functional SYNGAP1 isoforms. CH937 also 

enhanced SYNGAP1 protein expression in cerebral organoids derived from two different human 

iPSC lines. 

Despite these promising findings, several key questions remain to be addressed. Firstly, it 

is crucial to determine the specific time points and brain regions where upregulation of Syngap1 

is sufficient to rescue haploinsufficiency. Understanding whether deleting or suppressing the 

A3SS-NMD exon at postnatal stages can rescue the heterozygous knockout allele is of utmost 

importance. Additionally, it is essential to systematically characterize neural circuits and mouse 

behaviors, as SYNGAP1 patients exhibit a wide range of symptoms.120 Secondly, it is necessary 

to investigate whether the SSO can effectively increase Syngap1 protein levels in vivo and rescue 

the heterozygous knockout mouse. Although the lead SSO CH937 show promise as a therapeutic 

target, rigorous in vivo studies are required to fully comprehend their therapeutic potential. 

Hundreds of genes have been reported to undergo alternative splicing followed by 

nonsense-mediated decay (AS-NMD) during cortical development, with significant enrichment of 

chromatin regulators.121 These AS-NMD exons are regulated by splicing factors, and mutations in 

the host genes are frequently associated with neurodevelopmental disorders, including autism and 

epilepsy.89,98,122,123 While AS-NMD exons have shown promise as therapeutic targets for diseases 

such as Dravet Syndrome, the biological functions of these AS-NMD events remain unclear.114 

Furthermore, comprehensive studies using animal models and human neurons are necessary to 

fully explore the dosage effects of their host genes and their therapeutic potential. Genetic 



47 

 

investigations of AS-NMD exons will shed light on their organismal functions and contribute to 

the development of therapeutic targets and strategies. 

In summary, this study conducted a thorough genomic analysis of unproductive splicing 

transcripts that trigger nonsense-mediated decay, significantly expanding our understanding of the 

widespread and crucial role of alternative splicing in modulating protein expression dynamics. By 

focusing on the specific case of SYNGAP1, we have provided detailed insights into the precise 

regulation of unproductive splicing events by RNA-binding proteins, which exhibit evolutionary 

significance and exert a significant impact on neuronal differentiation and functioning. We 

anticipate that the dissection and manipulation of these splicing "switches" for protein expression 

will have profound implications for unraveling the development of complex structures within the 

mammalian brain and hold potential for the treatment of various neurological and other 

pathological conditions. 

2.4   Methods 

2.4.1   Materials and resource 

Table 1 Reagents and resources for 2.4 

Reagent/Resource Source Identifier 

Anti-Syngap1 (C 

terminal) 

Thermo-Fisher Cat# PA1-046 

Anti-Syngap1 (N 

terminal) 

Thermo-Fisher Cat# PA5-37909 

Anti-HA Roche 12158167001 

Anti-Ptbp1 Abcam Cat# ab5642 

Anti-Ptbp2 Millipore Cat# ABE431 

Anti-Sox2 Santa Cruz Cat# sc-17320 

Anti-Rbfox1 Millipore Cat# MABE159 

Anti-Gapdh Millipore Cat# AB2302 

Cycloheximide Sigma-Aldrich Cat# C4859-1ML 

TnT SP6 High-

Yield Wheat 

Germ Protein  

Promega Cat# L3260 
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(Table 1, 

continued) 

Expression 

System 

Quick-RNA 

MiniPrep 

Zymo Cat# R1054 

GeneJET 

Genomic DNA 

Purification Kit 

Thermo-Fisher Cat# K0721 

TruSeq RNA 

Library Prep Kit 

Illumina Cat# RS-122-2001 

Alt-R Genome 

Editing Detection 

Kit 

IDT Cat# 1075931 

 

SuperScript IV 

First-Strand 

Synthesis System 

Thermo-Fisher Cat# 18091050 

Novex 4-12% 

Tris-Glycine Mini 

Gels 

Thermo-Fisher Cat# XP04122BOX 

 

Novex TBE Gels, 

8% 

Thermo-Fisher Cat# EC6215BOX 

Gibson 

Assembly Master 

Mix 

NEB Cat# E2611S 

Quick 

Ligation Kit 

NEB Cat# M2200S 

NotI-HF NEB Cat# R3189L 

AscI NEB Cat# R0558L 

Phusion Hot 

Start II DNA 

Polymerase 

Thermo-Fisher Cat# F537S 

FuGENE HD 

Transfection 

Reagent 

Promega Cat# E2311 

Lipofectamin 

2000 CD 

Transfection 

Reagent 

Thermo-Fisher Cat# 12566014 

Neuro2a ATCC Cat# CCL-131 

STAR 2.7 PMID: 23104886 https://github.com/alexdobin/STAR 

rMATS 3.2.5 PMID: 25480548 http://rnaseq-mats.sourceforge.net/rmats3.2.5/ 

rMAPS2 PMID: 27174931 http://rmaps.cecsresearch.org/ 

CLIPSeqTools PMID: 26577377 http://mourelatos.med.upenn.edu/clipseqtools/ 

MAFFT v7 PMID: 28968734 https://mafft.cbrc.jp/alignment/server/ 

GOPlot PMID: 25964631 https://wencke.github.io/ 

NMD RNA-Seq This paper NCBI(PRJNA930469:SRR23308049,SRR23308050) 
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(Table 1, 

continued) PTB 

RNA-Seq 

This paper NCBI(PRJNA930469:SRR23308049,SRR23308050) 

Mouse CNS 

RNA-Seq rare 

data 

Encode CSHL Long RNA-Seq http://genome.ucsc.edu/cgi-

bin/hgFileUi?db=mm9&g=wgEncodeCshlLongRnaSeq 

PTBP1/2, 

U2AF65 CLIP-

Seq rare data 

ArrayExpress 

https://www.ebi.ac.uk/arrayexpress/ 

SRR2121761, SRR2121762; 

SRR871026, SRR871030; 

ERR208893, ERR208897 

Mouse tissue 

RNA-Seq 

UCSC Genome Browser UCSC 

Genome Browser on Mouse July 

2007 (NCBI37/mm9) 

CSHL Long RNA-Seq 

Vertebrate RNA-

Seq 

NIH Genome Data Viewer RNA-Seq tracks for each species 

Human mutation PMID: 30541864 

PMID: 28576131 

 

CRISPOR PMID: 27380939 http://crispor.tefor.net/crispor.py 

Nucleotide 

synthesis 

IDT https://www.idtdna.com/ 

 

2.4.2   Cell culture  

Mouse Neuro-2a (N2a) neuroblastoma cells (ATCC® CCL-131™) were purchased from 

the American Type Culture Collection and cultured in Dulbecco’s modified Eagle medium 

(DMEM) with high glucose (Gibco 11965092) supplemented with 10% (v/v) fetal bovine serum 

(Gibco 26140079). Neuro2a cells were incubated at 37 °C in a 5% CO2 humidified atmosphere. 

The iPSC lines utilized in this study included PGP1-iNGN,51 28126, 21792 (Yoav Gilad 

lab at The University of Chicago), and NA19101 (Marcelo A. Nobrega lab at The University of 

Chicago). These iPSC lines were cultured in Essential 8 medium (Thermo Fisher, A1517001) 

supplemented with penicillin-streptomycin (100 U/mL, Thermo Fisher, 15140122) in 10-cm 

dishes coated with GelTrex (Thermo Fisher, A1413301). The cultures were maintained in a 37°C 

incubator with 5% CO2. In the case of SYNGAP1-mutant (Lys114SerfsX20, Simons Foundation) 

iPSCs, StemFlex medium (Thermo Fisher, A3349401) was used instead of Essential 8. Following 

passage, the culture media were supplemented with 10 mM Rock inhibitor Y-27632 

dihydrochloride (Tocris, 1254) for 24 hours. For neuron induction, PGP1-iNGN iPSCs were 
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cultured in Essential 8 medium supplemented with doxycycline (1 mg/mL, Sigma-Aldrich, D9891) 

and penicillin-streptomycin (100 U/mL) for 4 days. To assess the NMD-transcript of SYNGAP1, 

iPSCs and iPSC-derived neurons were treated with cycloheximide (200 μg/mL dissolved in 

DMSO) for 5 hours in 12-well plates with 1 mL of culture media in each well. Subsequently, RNA 

extraction and analyses were performed. 

2.4.3   Cerebral organoids  

The induction of brain organoids was conducted following the established protocol.117 In 

brief, 3.3 x 10^6 human iPSCs (28126 and 21792) were seeded per AggreWell 800 well 

(STEMCELL Technologies, 34815) in Essential 8 medium supplemented with Y-27632 

dihydrochloride (10 mM) (Tocris, 1254) and penicillin-streptomycin (100 U/mL). After 24 hours, 

iPSC spheroids were transferred to ultra-low attachment 6-well plates and incubated in Essential 

6 medium supplemented with dorsomorphin (2.5 mM) (Sigma-Aldrich, P5499) and SB-431542 

(10 mM) (Tocris, 1614) for 6 days to induce neural spheroids. Subsequently, the neural spheroids 

were cultured in Neurobasal A medium (Thermo Fisher Scientific, 10888022) supplemented with 

B-27 without vitamin A (1:50) (Thermo Fisher Scientific, 12587010), GlutaMax (1:100) (Thermo 

Fisher Scientific, 35050-061), epidermal growth factor (EGF) (20 ng/mL) (R&D Systems, 236-

EG), basic fibroblast growth factor (bFGF) (20 ng/mL) (R&D Systems, 233-FB), and penicillin-

streptomycin (100 U/mL) for 19 days. Afterward, EGF and bFGF were replaced with brain-derived 

neurotrophic factor (BDNF) (20 ng/mL) and NT-3 (20 ng/mL) for an additional 18 days. Starting 

from day 43, the brain organoids were cultured long-term in Neurobasal A medium supplemented 

with B-27 without vitamin A (1:50), GlutaMax (1:100), and penicillin-streptomycin (100 U/mL). 

2.4.4   Splice-switching oligonucleotides 
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The SSOs used in this study were synthesized by Integrated DNA Technologies (IDT). For 

SSO transfection, 43105 cells were seeded in GelTrex-coated (Thermo Fisher, Gibco, A1413301) 

12-well plates. Transfection of 200nM SSOs into the cells was carried out using TransIT-LT1 

Transfection Reagent (Mirus, MIR2300) following the manufacturer's instructions. Brain 

organoids derived from iPSC 28126 were treated with three doses of SSOs (300nM) from day 133 

to 137. On day 139, RNA and protein were extracted from the brain organoids for PCR and western 

blot analyses. Similarly, brain organoids derived from iPSC 21792 were treated with five doses of 

SSOs (200nM) from day 169 to 173, and RNA and protein were extracted on day 174. Total RNA 

extraction was performed using TRIzol reagent (Thermo Fisher, 15596018) and the Direct-zol 

RNA Purification Kit (Zymo Research, R2060) 24 hours after transfection. Subsequently, cDNA 

synthesis was carried out using the SuperScript IV Reverse Transcriptase kit (Thermo Fisher, 

18090050). Quantitative PCR (Q-PCR) was performed using the SYBR Green PCR Master Mix 

(Thermo Fisher, 4344463) on the QuanStudio Real-Time PCR Systems (Thermo Fisher, 

ZG11CQS3STD) following the manufacturers' instructions.. 

2.4.5   RT-PCR and Western blot 

To perform RNA extraction, brain tissues or cultured cells were thoroughly dissolved in 

TRIzol by pipetting vigorously. Subsequently, the dissolved samples were processed either 

through precipitation or by employing the Direct-zol RNA Purification Kit. Primers for RT-PCR 

are listed in Supplementary Table 1. In the case of Western blotting, protein lysates were obtained 

by extracting proteins using RIPA buffer (Thermo Fisher, PI89901), supplemented with proteinase 

inhibitors (Sigma-Aldrich, 11836170001). The resulting protein samples were loaded onto SDS-

PAGE gels, transferred onto PVDF membranes, and consecutively incubated with primary and 
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secondary antibodies (as specified in the Key Resources Table). Finally, the samples were imaged 

using the LI-COR Odyssey system (LI-COR, 9142). 

2.4.6   EMSA 

Cy5 probes and cold competitors of potential Ptbp1 binding sites were synthesized by IDT. 

PTBP1 protein was produced by TnT SP6 High-Yield Wheat Germ Protein Expression System. 

Added different volumes of protein mixture into the RNA-protein binding solution, together with 

either Cy5 probes or extra cold competitors. Load the RNA-protein binding mixture to 8% TBE 

gel and perform electrophoresis. The gel was visualized by Typhoon imaging system. 

2.4.7   Primary neuron culturing, transfection, and immunostaining 

Mouse cortex was dissected from E16-E18 embryos and disassociated by Papain. Cells 

were suspended and cultured in Neurobasal medium with GlutaMax, N2 and B27 supplements, as 

well as 1 μM AraC. Primary neurons were transfected by Lipofectamin 2000 at the highest 

concentration recommended by the manual. 

For immunostaining, primary neurons were fixed at 4°C in 4% paraformaldehyde (PFA) 

for 10 minutes. They were then rinsed with 1x PBS and incubated with blocking buffer (1x PBS 

containing 0.03% Triton X-100 and 5% normal donkey serum) at room temperature for 30 minutes. 

Subsequently, the neurons were further incubated overnight at 4°C with primary antibodies diluted 

in PBST buffer (1x PBS containing 0.03% Triton X-100). After three washes with 1x PBS, the 

slides were incubated in the dark at room temperature for one hour with secondary antibodies 

conjugated with fluorophores. Finally, the slides were scanned using a Leica SP8 confocal 

microscope. 

2.4.8   Sequencing data analysis 
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RNA-Seq: Neuro2a cells were infected with Ptbp1/2 KO shRNA lenti-virus. Harvest the 

cells 5 days after. Primary DIV0 neurons from E16 mouse cortex were treated by 50 μg/mL CHX 

and DMSO. Harvest the cell after 8 hours. Total RNA was prepared by Quick-RNA MiniPrep Kit. 

Build RNA-Seq library with TruSeq RNA Library Prep Kit. Paired-end stranded sequencing was 

performed, with the read length 150bp. 

Alternative Splicing Analysis: RNA-Seq data was QC and trimmed by cutadapt and 

aligned to mm10 genome by STAR. Differential alternative splicing analysis was performed with 

rMATS with default parameters. The differentially spliced isoforms with p-value smaller than 

0.005 and inclusion rate change larger than 10% were considered to be significant. 

GO Analysis and Motif Analysis: GO analysis was carried out by GOPlot with the 

differentially spliced isoforms which were significant in both CHX versus control treatment and 

E11 versus E18 mouse CNS datasets. Motif maps for different RBPs were generated by rMAPS 

near the splice sites (50 bp in exon and 250bp in intron).  

CLIP-seq Analysis: CLIP-seq data were aligned and mapped to hg19 genome by 

CLIPSeqTools, using the default parameters. The .bam files were visualized by IGV. 

Multiple Sequence Alignment: Genome sequences of multiple vertebrates were obtained 

from NCBI HomoloGene database. Multiple sequence alignment and phylogeny analysis was 

performed by MAFFT over the conserved region of Syngap1 intron 10. The splice site usage was 

validated using the deposited RNA-Seq data of non-neuronal tissues from the corresponding 

vertebrates. 

2.4.9   Data availability 

All sequencing data are available at NCBI Gene Expression Omnibus with the accession 

number PRJNA930469: SRR23308049, SRR23308050. 
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Chapter 3  

Quantitative base-resolution mapping of N6-methyldeoxyadenosine 

using DR-6mA-seq 

3.1   Introduction:  

Covalent modifications of DNA play a crucial role as epigenetic marks in various 

biological systems.124 One such modification, N6-methyldeoxyadenosine (6mA), is commonly 

found in the genomes of bacteria and protists, where it is involved in important processes such as 

the restriction-modification system, DNA repair, replication, transcription, nucleoid segregation, 

and gene expression regulation.55 However, in higher eukaryotes, particularly mammals, 6mA is 

considered a rare DNA modification, and its presence and functional significance in the 

mammalian genome have remained unclear.51,54 This is largely due to the lack of sensitive and 

accurate methods to detect 6mA at a genome-wide scale. 

Detecting 6mA in mammalian genomes is challenging due to its low abundance. Therefore, 

highly sensitive and accurate sequencing methods are required.51,73 One commonly used method 

is ultra-high performance liquid chromatography coupled with mass spectrometry (UHPLC-

MS/MS), which allows for the quantification of global 6mA levels. However, this method is 

susceptible to contamination from bacterial DNA, which can arise from cell culture infection, 

plasmids, and reagents.73,76 Moreover, the low concentrations of 6mA in mammalian genomic 

DNA (gDNA) samples make it difficult to detect using UHPLC-MS/MS, especially in the presence 

of bacterial DNA contamination.66,125 Therefore, there is a critical need to develop high-sensitivity, 

base-resolution, and whole-genome mapping methods for 6mA sequencing. 
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DNA immunoprecipitation sequencing (DIP-seq), often combined with exonuclease 

digestion (6mA crosslinking exonuclease sequencing; 6mACE-seq or ChIP-exo), has been 

extensively used to generate genome-wide profiles of 6mA.63,69,70 However, concerns have been 

raised about the potential for off-target binding of antibodies, sequence misalignment, and RNA 

contamination, which may lead to false positive detection of 6mA using these antibody-based 

methods.126 Another approach, restriction enzyme digestion-based methods such as 6mA-RE-seq 

and DpnⅠ-seq, can provide single-nucleotide resolution profiles of 6mA modifications. However, 

these methods are limited to detecting specific sequence motifs and cannot provide a 

comprehensive view of 6mA distribution in the genome.74,127  

A recent study introduced a base-resolution 6mA sequencing method that relies on the 

nitrite-mediated deamination of unmodified A sites.128 Although this strategy is innovative, further 

improvements are needed to enhance the deamination rate and minimize the occurrence of false 

negative or false positive sites. In addition to second-generation sequencing-based techniques, 

third-generation SMRT sequencing has enabled direct detection of DNA methylation, including 

6mA, in bacterial genomes with high confidence.57 However, when applied to mammalian DNA, 

SMRT sequencing has yielded high false discovery rates, likely due to various factors such as the 

low abundance of 6mA compared to 5mC, the absence of consistent sequence context for 6mA, 

and the presence of bacterial contaminants containing 6mA.73,129,130 

The limitations associated with each of these methods have contributed to the controversial 

findings regarding the presence and functions of 6mA in the mammalian genome, leaving this 

topic subject to ongoing debate. For example, the quantification of the 6mA to A ratio in 

mitochondrial DNA from human cell lines has yielded varying results, ranging from approximately 

15 ppm to 130-400 ppm, which can be attributed to differences in the purity of the isolated mtDNA 
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samples analyzed.55,69,70 Interestingly, despite the detection of 6mA in mitochondrial DNA using 

UHPLC-QqQ-MS/MS, the same cell line showed no enrichment of 6mA in reads mapped to 

mtDNA when analyzed using 6mASCOPE, a newly developed 6mA deconvolution pipeline based 

on SMRT sequencing.76 Given the limitations of current detection methods, we aimed to develop 

novel base-resolution sequencing approaches to overcome existing challenges and gain a better 

understanding of the genomic features of 6mA in mammals. 

Our approach capitalizes on the destabilizing effect of the methyl group present in 6mA on 

Watson-Crick base-pairing. Despite its ability to pair with deoxythymidine (dT) similar to 

unmodified deoxyadenosine (dA), we hypothesized that using a thymidine dTTP analog that forms 

unstable base-pairing with dA could further weaken the base-pairing with 6mA.131,132 This would 

result in the generation of misincorporation signatures opposite 6mA sites during DNA replication 

using selected DNA polymerases, enabling the detection of 6mA at the base-resolution level. In 

this study, we present the development and application of DR-6mA-seq, a method that allows for 

high-confidence, mutation-based, base-resolution detection of 6mA throughout the entire genome. 

Our findings reveal distinct genomic patterns of 6mA in various types of mammalian genomic 

DNAs. Consistent with previous research, we observed minimal levels of 6mA in most mammalian 

gDNAs. However, we did identify significantly elevated levels of 6mA methylation in specific 

cell types. 

3.2   Results 

3.2.1 The principle and development of DR-6mA-seq 

To establish a new antibody-independent, single-base-resolution, NGS-based mapping 

method for 6mA, we utilized a synthetic biotinylated 100-mer DNA oligo containing an NN-6mA-

NN modification site as our model system. Our objective was to investigate whether 6mA could 
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be detected as misincorporation signatures under specific primer extension conditions. To 

accomplish this, we tested various commercially available non-high-fidelity DNA polymerases 

with different buffer systems. By sequencing the newly synthesized DNA strand after strand 

separation, we were able to determine the ratios of 6mA-to-T/G/C mutations at the 6mA sites. 

Notably, Bst 2.0 DNA and EpiMark Hot Start Taq DNA Polymerase exhibited detectable mutation 

ratios in certain motif contexts, consistent with recent findings suggesting that N6-methylated 

adenosine could be identified as mutations.133 Subsequently, we employed the buffer system of 

EpiMark Hot Start Taq DNA Polymerase in conjunction with Bst 2.0 DNA, resulting in an 

improved mutation proficiency. However, the mutation rates remained too low to be practically 

useful. 

We postulated that amplifying the difference in base pair stability between 6mA and dTTP, 

as well as between dA and dTTP, could enhance the mutation frequency opposite 6mA. To test 

this hypothesis, we screened all commercially available dTTP analogs and evaluated their 

performance in the primer-extension system, replacing unmodified dTTP. Among the analogs 

tested, we identified 2-thiothymidine triphosphate (2-thio-dTTP), which incorporates a sulfur 

substitution at the 2-position of thymine, significantly increasing the misincorporation rate at the 

6mA site while leaving unmethylated dA sites unaffected. This observation aligns with the reduced 

base-pairing strength between 6mA and 2-thio-dTTP, as well as between dA and 2-thio-dTTP. 

Specifically, thione does not effectively serve as a hydrogen bond acceptor in Watson-Crick base 

pairing.134 Furthermore, the presence of the methyl group on 6mA weakens its base pairing with 

canonical 2-thio-dTTP during extension, allowing dATP/dCTP/dGTP to compete with 2-thio-

dTTP for base pairing with 6mA (Figure 3.1A), thereby resulting in an increased mutation rate at 
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the 6mA sites. Conversely, dA sites can still form base pairs with 2-thio-dTTP when using Bst 2.0 

polymerase, leading to significantly fewer mutations (Figure 3.1A).135  

After identifying a thymidine analog that significantly increases misincorporation opposite 

6mA sites, we proceeded to optimize the primer-extension conditions to maximize the mutation 

ratio. It has long been acknowledged that the addition of excessive magnesium ions and molecular 

crowders, such as gelatins, can enhance PCR mismatches.136 Biased dNTP ratios and 

unconventional incubation temperatures have also been shown to promote mutations.137 We 

conducted experiments using various combinations of magnesium ion concentrations, molecular 

crowder addition, dNTP ratios, polymerase concentrations, and incubation temperatures, 

ultimately establishing an optimal condition for generating mutation signatures at 6mA sites. 

Under this condition, the average mutation ratio across 256 NN-6mA-NN motifs is 16%, with the 

highest mutation ratio observed in a specific motif reaching 50%. This finding suggests that the 

mutation patterns at 6mA sites are influenced by the sequence context (Figure 3.1B, 

Supplementary Table 2). The majority of mutations involved 6mA-to-T conversions, although 

6mA-to-C and 6mA-to-G conversions were also detected (Figure 3.1C). These moderate to high 

mutation rates enable the sensitive detection of 6mA in DNA. 

Due to the absence of any conversion or addition of bulky adduct on 6mA sites and any 

other bases, this approach induces mismatches directly at 6mA sites by solely adjusting the buffer 

system and supplements of the primer extension reaction. This strategy is highly concise and rapid, 

and thus, we have named it Direct-Read 6mA sequencing (DR-6mA-seq). 
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Figure 3.1 Development and validation of DR-6mA-seq 
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(Figure 3.1, continued) A) The 6mA-2-thio-dTTP base pair forms weaker hydrogen bonds 

compared to dA-dTTP and dA-2-thio-dTTP base pairs. B) Heatmap plot for the 6mA-to-T/C/G 

mutation ratios at 256 motifs (NN-6mA-NN) on the single-stranded model DNA after mutation-

prone primer extension. C) The mutation patterns (6mA to T, C, and G, respectively) at different 

motif contexts (NN-6mA-NN) on the single-stranded model DNA. D) FTO demethylates over 99% 

methylated base of NN-6mA-NN model ssDNA in vitro and shows weaker activity on dsDNA. 

Data are mean ± s.e.m.; analyzed by two-tailed unpaired t-tests. The numbers of independently 

repeated reactions are shown in each plot. **** p-value <0.0001. E) Schematic diagram of DR-

6mA-seq. Genomic DNA is sequentially denatured, mixed with spike-in probes, treated with FTO 

(or not), ligated to biotin-tagged adaptors, and extended by Bst 2.0 DNA polymerase or Q5 high-

fidelity DNA polymerase. The synthesized DNA strand is enriched and amplified for next-

generation sequencing. 6mA-to-T/C/G mutations were counted for defining 6mA sites and 

calculating 6mA methylation stoichiometry using spike-in calibration curves. F) Mutation profiles 

(including 6mA to T, C, and G) of mutation-prone primer extension on the 6mA spike-in probes 

harboring 0%, 25%, 50%, 75%, and 100% 6mA. Primer extension on FTO-treated probes and 

primer extension by Q5 high-fidelity DNA polymerase serve as two control groups and do not 

respond to 6mA fractions. 

3.2.2   FTO is an efficient 6mA demethylase on single-stranded DNA 

In order to effectively analyze the genomic features of 6mA, it is crucial to eliminate any 

false positives or mutations that may be caused by other potential modifications. The fat mass and 

obesity-associated protein (FTO) is recognized for its ability to efficiently remove RNA N6-

methyladenosine (m6A) and catalyze mRNA m6A demethylation in an iron(II)- and α-

ketoglutarate-dependent manner. Previous studies have also demonstrated its biochemical 

demethylation activity towards 6mA on single-stranded DNA (ssDNA), which serves as a crucial 

control for identifying 6mA in DR-6mA-seq. To investigate this further, we purified recombinant 

human FTO protein and treated both the aforementioned NN-6mA-NN model ssDNA probes and 

their double-stranded form (formed by annealing with the unmodified complementary strand) with 

the FTO protein in the presence of iron(II) and α-ketoglutarate (α-KG). After performing 

nucleotide digestion and UHPLC-QqQ-MS/MS analysis, we observed that more than 99% of the 

6mA on the ssDNA probes were removed by the FTO treatment, while 26.4% of the modifications 

on the double-stranded DNA (dsDNA) probes were eliminated (Figure 3.1D). It is possible that 
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some regions of the dsDNA containing 6mA may have partially unwound to adopt a single-

stranded conformation during the FTO treatment, resulting in the observed demethylation activity 

on dsDNA. Nevertheless, we have confirmed that FTO is a potent demethylase of DNA 6mA on 

single-stranded DNA in vitro without significant motif bias. In comparison, the reported in vitro 

efficiency of ALKBH1 as an ssDNA demethylase is approximately 50%.81,138 Therefore, the FTO 

treatment can serve as a crucial control for specifically identifying and mapping 6mA in DNA. 

In order to comprehensively investigate the presence of 6mA in mammalian genomes, we 

have developed a robust workflow termed DR-6mA-seq, which incorporates essential controls to 

ensure the accuracy and reliability of our findings (Figure 3.1E). Our approach involves the 

fragmentation of RNA-free genomic DNA (gDNA) into short single-stranded fragments. 

Subsequently, half of the DNA samples are subjected to separation, denaturation, and 

demethylation using FTO, serving as a control for demethylation. The remaining untreated DNA 

samples, as well as the demethylated DNA, are then ligated and treated with Bst 2.0 for primer 

extension. To further validate our results, the other half of the untreated DNA is subjected to the 

primer extension using Q5 high-fidelity DNA polymerase, serving as an additional control. The 

newly synthesized DNA strands are then enriched and amplified to generate sequencing libraries. 

By comparing the mutation profiles of Bst 2.0-extended DNA from methylated DNA and FTO-

demethylated DNA, and by eliminating background noise using the high-fidelity control, we can 

confidently identify candidate sites exhibiting 6mA modification. 

To accurately estimate the level of 6mA modification based on the ratio of 6mA-to-T/G/C 

mutations, we synthesized five spike-in calibration probes containing known fractions of 6mA 

(0%, 25%, 50%, 75%, and 100%) at the NN-6mA-NN modification site (Supplementary Table 3). 

By applying DR-6mA-seq to these probes, we observed significant linear correlations (R2 > 0.98, 
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p-value <0.001) between average mutation frequencies and 6mA fractions. This provides a reliable 

method to quantify 6mA modification levels in different sequence contexts. It is important to note 

that the average mutation rate on unmodified spike-in probes was approximately 3.5%, which 

closely matches that of the fully modified spike-in probes after FTO treatment (Figure 3.1F). This 

confirms that FTO treatment effectively removes 6mA. To minimize any batch effects, these 

calibration probes, each with unique barcodes, were added to each real biological DNA sample 

during the DA-6mA-seq procedures for constructing sample-specific calibration curves. The 

modification fractions for each high-confidence 6mA site were then estimated using the 

corresponding linear regression model based on the motif context surrounding the 6mA sites. 

3.2.3   Quantitative 6mA maps of E. coli gDNA using DR-6mA-seq 

To validate the performance of DR-6mA-seq, we initially examined the genomic DNA 

(gDNA) of Escherichia coli K-12, a well-characterized wild-type strain with a known 6mA 

methylome. In order to ensure accurate computational analysis for 6mA detection, we developed 

a False Discovery Rate (FDR)-based analysis pipeline. This pipeline replaces the conventional 

cutoff-based analysis and focuses on the statistical properties of 6mA methylomes. Our FDR-based 

approach takes into consideration various factors, including sequencing depth, mutation count, 

mutation rate, and background noise at each 6mA candidate site. By implementing this novel 

pipeline, we successfully identified 6mA sites with high confidence while effectively filtering out 

most false positives. 

To ensure the reliability of our 6mA site assignments, we obtained DR-6mA-seq results 

from three biological replicates. By comparing the results of the Bst 2.0 polymerase group with 

those of the FTO-treated and Q5 high-fidelity groups, we observed significant mutations at 6mA 

sites (Figure 3.2A), which were accompanied by a well-distributed FDR value (Figure 3.2B). 
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Using the FDR-based analysis pipeline, we identified approximately 21,500 6mA sites in each of 

the three biological replicates of E. coli genomic DNA. In contrast, fewer than 10 putative 6mA 

sites were detected in each replicate of the control synthetic E. coli genomic DNA lacking 6mA 

(Figure 3.2C). Furthermore, we identified a total of 16,852 overlapping 6mA sites among the three 

replicates of E. coli genomic DNA (Figure 3.2D, Supplementary Table 4). The methylation 

stoichiometry profiles exhibited high correlation and reproducibility across different biological 

replicates (Figure 3.2E). All 6mA sites in E. coli genomic DNA exhibited methylation fractions 

above 30%, with the majority of detected sites displaying a ~100% 6mA modification level, 

consistent with a previous study (Figure 3.2D).139  

The distribution of 6mA sites in the genomic DNA of E. coli is predominantly observed in 

coding regions, with a smaller fraction found in intergenic regions, non-coding RNA regions, 

pseudogenes, and tRNA regions (Figure 3.2F-G). The level of 6mA methylation varies across 

different annotated regions in the E. coli genome, ranging from 30% to 100% (Figure 3.2H). 

Notably, approximately 34% of the coding regions modified by 6mA in the E. coli genome exhibit 

more than five 6mA sites per gene, and around 7% of these genes have more than ten 6mA sites 

per gene (Figure 3.2I). The analysis further revealed that 97.6% of the identified 6mA sites 

correspond to the G(6mA)TC motif, which is recognized by the Dam methylase (Figure 3.2J-

K).139–141 The second most prevalent motif, accounting for 2.2% of 6mA sites, is 

GC(6mA)CNNNNNNGTT, which is the consensus sequence recognized by hsdM, the methylase 

subunit of EcoKI (Figure 3.2J, L).142,143 Notably, Dam and hsdM are the only two 6mA 

methyltransferases recognized in E. coli K-12.144 Thus, the accuracy of the method and analysis 

pipeline employed is quite high, as also demonstrated by the fact that 99.9% of the 6mA sites 
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identified through DR-6mA-seq overlap with those detected by SMRT sequencing when using the 

FDR-based analysis pipeline (Figure 3.2M).145 

 

Figure 3.2 DR-6mA-seq uncovers the quantitative base-resolution 6mA map in E. coli 

genome 

 

A) The violin plot of mutation ratio distribution at 6mA sites detected in E. coli K-12 gDNA, 

revealed by DR-6mA-seq. The mutation ratios of three groups are shown, i.e., Bst 2.0 extended 

DNA from untreated DNA (mutation group), Bst 2.0 extended DNA from FTO-treated DNA 

(demethylation control), and Q5-extended DNA from untreated DNA (high-fidelity control). B) 

The distribution of FDR of all the identified 6mA sites in E. coli gDNA. The dashed line refers to 

the 0.1% FDR cutoff. C) The bar plot of numbers of identified 6mA sites in E. coli gDNA and the 

synthetic E. coli gDNA prepared by highly uniform whole genome amplification. D) Venn  
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(Figure 3.2, continued) diagram showing the overlapped 6mA sites among three biologically 

independent replicates, detected by DR-6mA-seq. E)  Correlation analysis of methylation 

fractions in E. coli K-12 genome, indicating a high correlation between each pair of biological 

replicates of DR-6mA-seq. F) The bar plot showing the numbers of overlapped 6mA sites (among 

three replicates) in each annotated region on the plus strand of E. coli gDNA. G) The bar plot 

showing the numbers of overlapped 6mA sites (among three replicates) in each annotated region 

on the plus strand of E. coli gDNA. H) The scatter plot of the modification fractions of overlapped 

6mA sites (among three replicates) in each annotated region on E. coli gDNA. I) The 2-D plot of 

6mA site number and their average methylation fraction within one individual mRNA. Each dot 

represents a single annotated mRNA region in E. coli gDNA. J) The motif sequence logo of the 

overlapped 6mA sites identified in E. coli gDNA, uncovered by DR-6mA-seq. K) The plot of the 

average 6mA fractions at each consensus 6mA motif (motif frequency >150) of the overlapped 

6mA sites identified in E. coli gDNA. L) The plot of the average 6mA fractions at each consensus 

6mA motif (motif frequency <150) of the overlapped 6mA sites identified in E. coli gDNA. M) 

Venn diagram showing the excellent overlap between DR-6mA-seq-detected 6mA sites and 

SMRT-detected 6mA sites in E. coli K-12 genome. 

 

3.2.4   6mA is upregulated in Erbb2/neu*-transformed NIH/3T3 cells 

While previous studies have provided compelling evidence for the presence and functional 

role of 6mA in bacterial genomes, its existence in the mammalian genome has been a topic of 

controversy.71,73,76,77,80–82,84–86,126 To conduct a more comprehensive investigation of 6mA 

methylomes in mammalian genomic DNA using DR-6mA-seq, we sought suitable cell line 

systems for 6mA sequencing. A recent study utilizing mass spectrometry and antibody-dependent 

enrichment and sequencing demonstrated relatively high levels of 6mA in glioblastoma cancer 

stem cells (GCSs) and primary glioblastoma patient tumors.81 As a result, we selected this system 

for further experimentation with DR-6mA-seq. Among the available glioblastoma models, we 

specifically chose the B104-1-1 cell line, which is commonly used and was established by 

transforming NIH/3T3 embryonic fibroblast cells with the activated Erbb2/neu oncogene (Erbb2 

with p.Val661Glu).146–151 Given their nearly identical genetic background, we decided to 

investigate potential changes in 6mA levels during gliomagenesis using these two cell lines. 

Initially, we performed UHPLC-QqQ-MS/MS analysis on genomic DNA isolated from bacteria- 
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and mycoplasma-free NIH/3T3 and B104-1-1 cell cultures to assess their overall levels of 6mA 

(Figure 3.3A, Supplementary Table 5). The glioblastoma cell line, B104-1-1, exhibited 

approximately four-fold higher levels of 6mA (~80 ppm) compared to its parental cell line, 

NIH/3T3. Subsequently, we enriched 6mA-containing DNA fragments from both B104-1-1 and 

NIH/3T3 using the anti-6mA antibody and performed DR-6mA-seq. 

To begin with, we determined the sex of the cell lines as female before conducting data 

analysis (Figure 3.4A).152 Using an analysis pipeline based on false discovery rate (FDR), we 

obtained confident 6mA sites (FDR <0.1%) from biological replicates using DR-6mA-seq with 

FTO-treated and Q5 high-fidelity groups as controls (Figure 3.3B-E, Supplementary Table 6, 7). 

For the two biological replicates, ~68% and ~40% of the 6mA sites overlapped very well within 

the ±500 bp flanking windows (Figure 3.3F). In NIH/3T3 cells, DR-6mA-seq detected around 

639~843 gDNA 6mA sites, whereas B104-1-1 gDNA exhibited around 4,709~5,355 6mA sites 

(mtDNA sites not included) (Figure 3.3F). Notably, around 80% of the 6mA sites in NIH/3T3 

gDNA were also detected in B104-1-1 gDNA within the ±500 bp flanking windows (Figure 3.3G). 

The identification of approximately 5-fold more 6mA sites in B104-1-1 cells is consistent with our 

mass spectrometry results (Figure 3.3A). 

Another observation is that the nuclear DNA 6mA sites tend to cluster together (Figure 

3.4O). To be specific, 80% of these overlapped 6mA sites between biological replicates were found 

within clusters that are smaller than 200 bp (Figure 3.3H-I). We further noticed that the majority 

of 6mA modification clusters in gDNA contain less than 10 6mA sites, although there are a few 

heavily methylated clusters that have more than 10 methylated sites (Figure 3.3J). 

B104-1-1 cells exhibited a significantly higher number of genomic DNA (gDNA) 6mA 

sites on specific chromosomes, such as 1, 4, 6, 10, and 19, compared to NIH/3T3 cells (Figure 
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3.4B-C). The genomic 6mA sites identified in glioblastoma cells were found to be enriched in 

regions associated with repeat-associated RNA, intergenic regions, and introns (Figure 3.3K-L). 

Even with antibody enrichment, approximately 94% and 95% of the 6mA sites showed 

methylation fractions above 25% (Figure 3.4D-E). In contrast, all 6mA sites identified in bacterial 

gDNA exhibited methylation fractions greater than 30% (Figure 3.2H). These findings suggest 

that the 6mA sites in mammalian cells tend to show much lower stoichiometry than that in 

prokaryotic cells.  
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Figure 3.3 The prevalence of 6mA modification is significantly elevated during the transition 

from mouse embryonic cells to glioblastoma cells 

A) Quantification of 6mA level in bacterial-DNA-free gDNA samples from cultured NIH/3T3 and 

B104-1-1 cells, by LC-MS/MS, with E. coli gDNA as a positive control. Data are mean ± s.e.m. 

B) The violin plot of mutation ratio distribution at 6mA sites detected in NIH/3T3 gDNA, revealed 

by DR-6mA-seq. The mutation ratios of three groups are shown, i.e., Bst 2.0 extended DNA from 

untreated DNA (mutation group), Bst 2.0 extended DNA from FTO-treated DNA (demethylation 

control), and Q5-extended DNA from untreated DNA (high-fidelity control). C) The violin plot of 
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(Figure 3.3, continued) mutation ratio distribution at 6mA sites detected in B104-1-1 gDNA, 

revealed by DR-6mA-seq. The mutation ratios of three groups are shown, i.e., Bst 2.0 extended 

DNA from untreated DNA (mutation group), Bst 2.0 extended DNA from FTO-treated DNA 

(demethylation control), and Q5-extended DNA from untreated DNA (high-fidelity control). D) 

The distribution of FDR of all the identified 6mA sites in NIH/3T3 gDNA. The dashed line refers 

to the 0.1% FDR cutoff. E) The distribution of FDR of all the identified 6mA sites in B104-1-1 

gDNA. The dashed line refers to the 0.1% FDR cutoff. F) Venn diagram showing the overlapped 

gDNA 6mA sites detected in NIH/3T3 and B104-1-1, respectively, allowing ± 500 bp window, 

between two biological replicates. G) Venn diagram showing the overlapped gDNA 6mA sites 

between NIH/3T3 and B104-1-1 cells, allowing ± 500 bp window. H) The histogram showing the 

frequency distribution of the size of 6mA clusters in NIH/3T3 gDNA. I) The histogram showing 

the frequency distribution of the size of 6mA clusters in B104-1-1 gDNA. J) The bar plots showing 

the number of clusters that are categorized according to the numbers of 6mA sites within one 

cluster, in both cell lines. K) The bar plot showing the numbers of overlapped 6mA sites (allowing 

± 500 bp window) in each annotated genomic element in NIH/3T3 genome. L) The bar plot 

showing the numbers of overlapped 6mA sites (allowing ± 500 bp window) in each annotated 

genomic element in B104-1-1 genome. M) The bar plot showing the numbers of overlapped 6mA 

sites (allowing ± 500 bp window) on the antisense DNA (the template strand) vs. sense DNA (the 

coding strand) of each annotated general repeats class (based on RepeatMasker) in B104-1-1 

genome. N) The bar plot showing the numbers of overlapped 6mA sites (allowing ± 500 bp 

window) on the antisense DNA (the template strand) vs. sense DNA (the coding strand) of each 

annotated repeats family (based on RepeatMasker) in B104-1-1 genome. O) The 2-D plot of the 

numbers of overlapped B104-1-1 6mA sites (allowing ± 500 bp window) on the sense DNA (the 

coding strand) of each annotated repeats family and their average 6mA modification fractions 

(after antibody enrichment). P) The 2-D plot of the numbers of overlapped B104-1-1 6mA sites 

(allowing ± 500 bp window) on antisense DNA (the template strand) of each annotated repeats 

family and their average 6mA modification fractions (after antibody enrichment). 

We then conducted a comprehensive analysis of 6mA sites in B104-1-1 gDNA and made 

several interesting observations. Firstly, we found that these sites tend to accumulate in regions 

that encode repeat-associated RNAs, including LINE, LTR, satellite, simple repeats, and SINE 

(Figure 3.3M). Interestingly, more 6mA was displayed on the antisense strand (the template strand) 

of LINE and SINE regions (Figure 3.3M). To gain a more detailed understanding of the specific 

repeat families modified by 6mA in glioblastoma cells, we conducted further analysis. We 

observed dense 6mA modifications on Alu elements, B2, B4, ERVK, LINE1, low complexity, 

MaLR, satellite, and simple repeats (Figure 3.3N, 3.4F-G). Among these, more 6mA was displayed 

on the antisense strand (the template strand) of Alu elements, B2, B4, ERVK, and LINE1 regions 
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(Figure 3.3N). Moreover, the 6mA methylomes on repeat-associated RNA regions exhibited high 

methylation fractions above 50% after antibody enrichment (Figure 3.3O-P, 3.4H-I). In contrast, 

the distribution pattern of 6mA sites found in intron regions of glioblastoma cells was distinct from 

those in repeat-associated regions. Specifically, we observed a nearly equal distribution of 6mA 

modifications on both the coding and template strands (Figure 3.4J). Furthermore, functional 

enrichment analysis of specific intron 6mA sites in the B104-1-1 cell line revealed a significant 

enrichment of synapse-, neuron-, and membrane-associated genes (Figure 3.4K). This finding is 

generally consistent with the previous report that the human glioblastoma stem cell 6mA peaks in 

the gene body exhibit an enrichment in neurogenesis and neuronal development pathways81, and 

may reflect morphological differences between the two cell lines (Figure 3.4L).  

The motif contexts surrounding 6mA sites in non-cancerous NIH/3T3 cells were found to 

be similar to those in B104-1-1 glioblastoma cells (Figure 3.4M). In mammalian genomic DNA, a 

wider range of motif contexts was observed compared to the limited number of predominant motifs 

found in bacterial genomic DNA (Figure 3.2K-L). To ensure the accuracy of the 6mA calling 

statistics obtained from the FDR-based analysis pipeline, we conducted a statistical analysis to 

compare them with random overlaps across the genome. We found that the 6mA sites identified 

by the FDR-based analysis pipeline showed a high level of statistical significance compared to 

random overlaps (Figure 3.4N). 

In summary, our method not only confirmed the previous findings of the elevated 6mA 

prevalence in the nuclear DNA of glioblastoma cells but also identified highly confident 

mammalian 6mA sites that can be further investigated to understand the precise roles of 6mA in 

mammals. 
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(Figure 3.4 to be continued) 
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Figure 3.4 Features and statistics of gDNA 6mA sites identified by DR-6mA-seq in NIH/3T3 

and B104-1-1 cells 

A) Genetic sex determination of NIH/3T3 and B104-1-1 cell lines by amplification of Rbm31x and 

Rbm31y by simplex PCR, with female and male mouse brains as controls. B) Chromosome-wide 

distributions of the overlapped 6mA sites (allowing ± 500 bp window) in gDNA from NIH/3T3. 

C) Chromosome-wide distributions of the overlapped 6mA sites (allowing ± 500 bp window) in 

gDNA from B104-1-1. D) The scatter plot of the modification fractions (after antibody enrichment) 

of overlapped 6mA sites (allowing ± 500 bp window) in each annotated region on NIH/3T3 gDNA. 

The bar plot showing the distribution of the 6mA sites with fractions higher than 25% or below 

25% at different genomic elements. E) The scatter plot of the modification fractions (after antibody 

enrichment) of overlapped 6mA sites (allowing ± 500 bp window) in each annotated region on 

B104-1-1 gDNA. The bar plot showing the distribution of the 6mA sites with fractions higher than 

25% or below 25% at different genomic elements. F) The bar plot showing the numbers of 

overlapped 6mA sites (allowing ± 500 bp window) on the sense DNA (the coding strand) of each 

exact repeat annotation (based on RepeatMasker) in B104-1-1 genome. G) The bar plot showing 

the numbers of overlapped 6mA sites (allowing ± 500 bp window) on the antisense DNA (the 

template strand) of each exact repeat annotation in B104-1-1 genome. H) The 2-D plot of the 

numbers of overlapped B104-1-1 6mA sites (allowing ± 500 bp window) on the sense DNA (the 

coding strand) of each exact repeat annotation and their average 6mA modification fractions (after 
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(Figure 3.4, continued) antibody enrichment). I) The 2-D plot of the numbers of overlapped 

B104-1-1 6mA sites (allowing ± 500 bp window) on the antisense DNA (the template strand) of 

each exact repeat annotation and their average 6mA modification fractions (after antibody 

enrichment). J) Pie chart showing the numbers of B014-1-1 6mA sites (overlapped in replicates, 

allowing ± 500 bp window) across the sense and antisense strands of intronic regions. K) The 

enriched GO clusters of the genes with 6mA modification at the intronic regions in B104-1-1 cells. 

L) Bright-field photographs of NIH/3T3 and B104-1-1 cells. M) Plots showing the top 30 

consensus motifs containing 6mA sites in gDNA from NIH/3T3 (ATCC) and B104-1-1 cells, 

uncovered by DR-6mA-seq. Some of the representative consensus motifs identified in both cells 

were labeled with the same colors. N) Plots showing the distribution of possibilities for different 

numbers of overlaps for NIH/3T3 and B104-1-1 gDNA 6mA sites, respectively. Possibilities were 

generated by randomly shuffling the ± 500 bp region sets across the genome 1,000 times and 

counting the number of overlaps. The dashed line refers to the actual numbers of overlaps in Figure 

3.3. O) Two representative cell-line-specific gDNA 6mA clusters located at Abcc5 and Erich6 in 

B104-1-1 cells. 

3.2.5   6mA methylations in mouse glioblastoma model cells overlap with heterochromatic 

histone modifications 

It is known that the crosstalk between histone modifications and DNA modifications plays 

a crucial role in regulating gene expression and chromatin structure. Histone modifications, 

including acetylation, methylation, phosphorylation, ubiquitination, and others, can influence 

DNA modifications such as DNA methylation and hydroxymethylation. Conversely, DNA 

modifications can also impact the deposition and stability of histone modifications. This intricate 

interplay between histone and DNA modifications adds an additional layer of complexity to the 

regulation of gene expression. For instance, there is an agreement on the universal coexistence of 

both histone deacetylation and 5mC at silenced loci.153 

Xie et al. (2018) reported that 6mA methylations in mouse glioblastoma cells can co-

localize with heterochromatic histone modifications, predominantly H3K9me3 and H3K27me3.81 

In order to further investigate this phenomenon, we performed chromatin immunoprecipitation 

sequencing (ChIP-seq) experiments for H3K9me3, H3K27me3, and H3K4me3 marks in two 

biological replicates of NIH/3T3 and B104-1-1 cell lines (Supplementary Table 8). 
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Although the 6mA methylated sites in NIH/3T3 genomic DNA sites did not show a 

significant overlap with the ChIP-seq peaks of three tested histone modifications (Figure 3.5B, 

3.6A-C), we observed that approximately 25% of the 6mA sites in B104-1-1 (glioblastoma) 

genomic DNA exhibited a striking overlap with H3K27me3, followed by H3K9me3 (Figure 3.5A, 

3.6D-F), which is consistent with the previous report.81 We did not observe a strong correlation 

between 6mA sites that overlap with H3K9me3 peaks and those overlap with H3K27me3 peaks 

(Figure 3.5C). The further annotation analysis revealed that the B104-1-1 6mA sites overlapped 

with H3K27me3 peaks were primarily located within regions encoding repeat-associated RNAs 

(Figure 3.5D), with a stronger accumulation in the antisense strand (the templated strand) of 

LINE1, Alu elements, B2, B4, ERVK, and MaLR regions (Figure 3.5E-F). Notably, these 6mA 

sites mostly fall on the centers of H3K27me3 ChIP-seq peaks (Figure 3.5G). 

In conclusion, our findings have underscored the potential interplay between genomic 6mA 

modifications and heterochromatic histone modifications, specifically within glioblastoma-

associated cells, but not in the parental non-cancerous cells. Further investigations are warranted 

to elucidate the mechanisms underlying the epigenetic crosstalk between histone modifications 

and mammalian 6mA, as well as to determine the functional implications of this interplay. 
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Figure 3.5 6mA in B104-1-1 cells significantly overlap with certain histone modifications 

A) The bar plot showing the numbers of 6mA sites (the sites that overlapped ± 500 bp in two DR-

6mA-seq replicates, with flanking 1 kb regions) that fall into H3K3me3, H3K27me3, and 

H3K4me3 ChIP-seq peaks in B104-1-1 cells. B) The bar plot showing the numbers of 6mA sites 

(the sites that overlapped ± 500 bp in two DR-6mA-seq replicates, with flanking 1 kb regions) that 

fall into H3K9me3, H3K27me3, and H3K4me3 ChIP-seq peaks in NIH/3T3 cells. C) Venn 

diagram showing the overlap of B104-1-1 6mA sites (the sites that overlapped ± 500 bp in two 

DR-6mA-seq replicates, with flanking 1 kb regions) that respectively fall into H3K9me3 and 

H3K27me3 ChIP-seq (replicate 2) peaks. D) The bar plot showing the numbers of B104-1-1 6mA 

sites (the sites that overlapped ± 500 bp in two DR-6mA-seq replicates, with flanking 1 kb regions) 

that fall into H3K27me3 ChIP-seq (replicate 2) peaks, in each annotated genomic element. E) The 

bar plot showing the numbers of B104-1-1 6mA sites (the sites that overlapped ± 500 bp in two 

DR-6mA-seq replicates, with flanking 1 kb regions) that fall into H3K27me3 ChIP-seq (replicate 

1) peaks, in the antisense (the template strand) vs. sense (the coding strand) DNA of each annotated 

repeats family. F) The bar plot showing the numbers of B104-1-1 6mA sites (the sites that 

overlapped ± 500 bp in two DR-6mA-seq replicates, with flanking 1 kb regions) that fall into 

H3K27me3 ChIP-seq (replicate 2) peaks, in the antisense (the template strand) vs. sense (the 

coding strand) DNA of each annotated repeats family. G) The histogram indicating the distribution 

of B104-1-1 6mA sites (the sites that overlapped ± 500 bp in two DR-6mA-seq replicates, with 

flanking 1 kb regions) regarding their distance to the center of H3K27me3 ChIP-seq peaks. 
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Figure 3.6 Statistics of the overlap between 6mA sites identified in B104-1-1 cells and 

multiple histone modification ChIP-seq peaks 

A) Plot showing the distribution of possibilities for different numbers of overlapped sites with 

H3K4me3 ChIP-seq peaks (two replicates plotted separately) for NIH/3T3 dataset. Possibilities 

were generated by randomly shuffling region-level 6mA sites (flanking 1-kb regions) across the 

genome for 1,000 times and counting the number of sites overlapped with the ChIP-seq peaks. The 

dashed line refers to the actual numbers of overlapped sites in Figure 3.5. B) Plot showing the 

distribution of possibilities for different numbers of overlapped sites with H3K9me3 ChIP-seq 

peaks (two replicates plotted separately) for NIH/3T3 dataset. Possibilities were generated by 

randomly shuffling region-level 6mA sites (flanking 1-kb regions) across the genome for 1,000 

times and counting the number of sites overlapped with the ChIP-seq peaks. The dashed line refers 

to the actual numbers of overlapped sites in Figure 3.5. C) Plot showing the distribution of 

possibilities for different numbers of overlapped sites with H3K27me3 ChIP-seq peaks (two 

replicates plotted separately) for NIH/3T3 dataset. Possibilities were generated by randomly 

shuffling region-level 6mA sites (flanking 1-kb regions) across the genome for 1,000 times and 
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(Figure 3.6, continued) counting the number of sites overlapped with the ChIP-seq peaks. The 

dashed line refers to the actual numbers of overlapped sites in Figure 3.5. D) Plot showing the 

distribution of possibilities for different numbers of overlapped sites with H3K4me3 ChIP-seq 

peaks (two replicates plotted separately) for B104-1-1 dataset. Possibilities were generated by 

randomly shuffling region-level 6mA sites (flanking 1-kb regions) across the genome for 1,000 

times and counting the number of sites overlapped with the ChIP-seq peaks. The dashed line refers 

to the actual numbers of overlapped sites in Figure 3.5. E) Plot showing the distribution of 

possibilities for different numbers of overlapped sites with H3K9me3 ChIP-seq peaks (two 

replicates plotted separately) for B104-1-1 dataset. Possibilities were generated by randomly 

shuffling region-level 6mA sites (flanking 1-kb regions) across the genome for 1,000 times and 

counting the number of sites overlapped with the ChIP-seq peaks. The dashed line refers to the 

actual numbers of overlapped sites in Figure 3.5. F) Plot showing the distribution of possibilities 

for different numbers of overlapped sites with H3K27me3 ChIP-seq peaks (two replicates plotted 

separately) for B104-1-1 dataset. Possibilities were generated by randomly shuffling region-level 

6mA sites (flanking 1-kb regions) across the genome for 1,000 times and counting the number of 

sites overlapped with the ChIP-seq peaks. The dashed line refers to the actual numbers of 

overlapped sites in Figure 3.5. 

3.2.6   Mammalian 6mA validation 

In order to detect and characterize the 6mA modification in mammalian nuclear DNA 

(nDNA), we implemented a two-step approach. Firstly, due to the low levels of 6mA in 

mammalian nDNA, we employed an antibody-based enrichment. This was followed by DR-6mA-

seq to identify and locate the presence of 6mA modification. Our results obtained from the IP-

enriched gDNA, thus, only provided information of the locations of highly-confident 6mA sites, 

without indicating the exact modification fraction at each individual site. To accurately quantify 

the actual modification fractions at the 6mA sites identified by DR-6mA-seq, we subsequently 

conducted an amplicon sequencing assay targeting representative 6mA sites. Unlike the standard 

DR-6mA-seq library construction process, the amplicon assay required consideration of the 

extension stop that occurred at the 6mA sites in order to calculate the precise mutation ratio at each 

6mA site (Figure 3.7A). 

We selected 16 6mA sites in NIH/3T3 cells and B104-1-1 cells from the detected gDNA 

6mA sites by DR-6mA-seq. These sites had suitable surrounding sequences for designing primers 
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for the amplicon assay, ensuring there were no repeat sequences, and showed up in both two 

biological replicates, allowing us to obtain dual 6mA fraction values for each modified site 

(Supplementary Table 9). To determine the actual 6mA modification fractions, we performed 

amplicon sequencing using gDNA without antibody enrichment. The results showed that most 

6mA sites had mutation ratios below 5%, indicating low 6mA fractions (Figure 3.7B). By 

converting the mutation ratios to 6mA modification fractions using calibration curves (Figure 3.1B, 

F), we identified two sites with approximately 40-60% 6mA fractions, four sites with 

approximately 5-20% 6mA fractions, and the remaining sites with less than 2% 6mA fractions 

(Figure 3.7C). Interestingly, we found the highest modified 6mA site (~87%, chr3:141676536) in 

the B104-1-1 nuclear genome, specifically in the Bmpr1b gene, which was not present in the 

NIH/3T3 genome (Figure 3.7G). It is worth noting that Bmpr1b is closely associated with the 

tumorigenicity of glioblastoma and is exclusively expressed in B104-1-1 but not in NIH/3T3 

(Figure 3.7F). This observation suggests a potential regulatory role of 6mA in the tumorigenicity 

of B104-1-1.154,155 Additionally, the orthogonal amplicon assay provided further evidence 

supporting the reliability of DR-6mA-seq and confirmed the presence of 6mA in mammalian 

gDNA. However, it is important to note that only a small number of sites showed high fractions 

of 6mA, indicating potential functionality. 

To establish an independent and reliable method for validating DNA 6mA modifications, 

we made modifications to a previously reported technique that utilizes a silver-ion-mediated base-

pairing affinity assay.156 This assay relies on the selective stabilization of the dA-dCTP mismatch 

by a suitable concentration of Ag+ ions, which promotes primer extension. In contrast, the complex 

formed between 6mA, Ag+, and dCTP is unstable and leads to the termination of primer extension. 

To validate the presence of 6mA modifications, we selected the 6mA site with the highest 
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modification fraction, as determined by the amplicon assay, in glioblastoma gDNA (located at 

chr3:141676536, Bmpr1b). We then performed the silver-ion-mediated base-pairing affinity assay 

using biotinylated dCTP on both untreated gDNA and FTO-treated gDNA samples (Figure 3.7D). 

Through RT-qPCR quantification, we observed a slightly higher level of biotinylated DNA in the 

FTO-treated samples, indicating a higher dCTP incorporation ratio and confirming the presence 

of 6mA methylation at mammalian genomic 6mA sites (Figure 3.7E). 
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Figure 3.7 Validation of mammalian 6mA sites by amplicon sequencing and silver-ion-

mediated base-paring affinity assay 
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(Figure 3.7, continued) A) A flowchart of amplicon assay for gDNA 6mA validation, revealing 

6mA fraction by adjusted misincorporation ratios. B) The heatmap showing the actual 

misincorporation ratios obtained in amplicon assay versus the misincorporation calculated from 

DR-6mA-seq data. The FDR for each site calculated by DR-6mA-seq was marked on the top. C) 

The heatmap showing the 6mA methylation fractions by amplicon assay versus 6mA fractions 

calculated from DR-6mA-seq data. The gDNA 6mA site showing the highest estimated 

modification in amplicon assay was marked by red arrow. For B) and C), 10 gDNA 6mA sites 

were investigated, with 4 from NIH/3T3 cells and 6 from B104-1-1 cells. D) Schematic diagram 

of silver-ion-mediated base-paring affinity assay for 6mA site validation. E) The normalized 

enrichment folds at the 6mA site of the highest modification fraction (chr3:141676536) identified 

in C), measured by RT-qPCR-assisted silver-ion-mediated base-paring affinity assay, in the 

presence and absence of FTO treatment. Data are mean ± s.e.m.; analyzed by two-tailed unpaired 

t-test. The number of independently repeated reactions is shown in the plot. F) RT-qPCR 

quantification of Bmpr1b expression level in NIH/3T3 and B104-1-1 cells, normalized to Actb. 

Data are mean ± s.e.m.; analyzed by two-tailed unpaired t-tests. The number of independently 

repeated reactions is shown in the plot. **** p-value <0.0001. G) A representative 6mA cluster 

located at Bmpr1b, with the arrow marking the 6mA site of the highest modification fraction 

(chr3:141676536) identified in C). 

 

3.3   Discussion and Conclusion 

6mA was initially discovered in Bacterium coli during the mid-twentieth century.53 Since 

then, it has been increasingly recognized as a crucial DNA modification in prokaryotes and protists, 

although its presence and functions in mammals remain less understood. While 6mA is found in 

the genomes of lower eukaryotes and invertebrates, exhibiting distinct distribution patterns and 

playing regulatory roles in transcription, its detection and characterization in mammalian genomic 

DNA has been a subject of intense debate primarily due to the lack of highly sensitive detection 

methods.63,157–161 We have previously suggested that 6mA might have limited yet regulatory 

functions in specific cells or during specific biological processes, given its extremely low 

abundance in mammalian genomes. 

In this chapter, we present DR-6mA-seq, a highly sensitive sequencing method capable of 

probing 6mA modifications in genomic DNA at base resolution, without the need for antibodies. 

This method also demonstrates high specificity to 6mA, as validated by the FTO-mediated 6mA 
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demethylation control. To validate the efficacy of DR-6mA-seq, we utilized E. coli K-12 gDNA, 

a well-established system for analyzing the 6mA methylome. Our LC-MS/MS analysis revealed 

that the levels of gDNA 6mA in most human tissues were below the detectable limit. However, 

we successfully detected visible levels of 6mA in mouse testis gDNA and mouse glioblastoma cell 

gDNA through mass spectrometry. By employing DR-6mA-seq, we generated the initial maps of 

6mA distribution in these gDNA samples. Furthermore, we employed amplicon sequencing to 

precisely determine the fraction of 6mA modification at specific sites. As anticipated, most sites 

exhibited low levels of modification, but we did observe certain sites with modification fractions 

ranging from 70% to 80%, indicating potential functional significance. Additionally, we optimized 

an orthogonal silver-ion-mediated base-pairing affinity assay and confirmed the findings obtained 

from our DR-6mA-seq method. 

Our results from DR-6mA-seq have demonstrated the enrichment of 6mA modification in 

various regions of the mammalian genome, including intergenic regions, intronic regions, LINE 

elements, SINE elements, and LTR (Figure 3.3M), which is consistent with previous studies using 

DIP-seq.71 The abundance of 6mA in mammalian genomes varies significantly across different 

tissues, and its levels can be increased in glioblastoma cells upon the expression of a single 

oncogene, leading to high modification fractions at specific sites. These findings provide evidence 

for the presence of 6mA modification, although its occurrence is limited to specific sites and with 

varying modification fractions, suggesting potential functional relevance in specific cell types 

(such as glioblastoma) or biological processes (such as development). Moreover, our results 

support the hypothesis of crosstalk between 6mA and heterochromatic histone modifications, 

particularly H3K27me3. We anticipate that future applications of DR-6mA-seq will not only 

enable the characterization of 6mA distribution in different genomes of interest but also facilitate 
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the identification of dynamic changes at modification sites, thereby unraveling their functional 

implications. Lastly, the utilization of modified dNTPs to induce elevated misincorporation 

opposite a modified base through weakened Watson-Crick base pairing represents a promising 

strategy for the detection of other nucleic acid base modifications with enhanced sensitivity. 

3.4   Methods 

3.4.1   Materials and resource 

Table 2 Reagents and resources for 3.4 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-N6-Methyladenosine 

(m6A) antibody 

Sigma ABE572 

Anti-N6-Methyladenosine 

(m6A) antibody 

Abcam ab151230 

Anti-H3K9me3 antibody Cell Signaling Technology (CST) 13969 

Anti-H3K27me3 antibody Cell Signaling Technology (CST) 9733 

Bacterial and Virus Strains 

E. coli BL21 (DE3) Thermo Scientific EC0114 

Biological Samples 

E. coli K-12 gDNA ATCC 10798D-5 

Human brain gDNA Zyagen HG-201 

Human liver gDNA Zyagen HG-314 

Human heart gDNA Zyagen HG-801 

Human testis gDNA Zyagen HG-401 

Mouse Genomic DNA 

(control) 

Sigma 69239 

Human Genomic DNA 

(control) 

Sigma 69237 

Chemicals, Peptides, and Recombinant Proteins 

2-Thio-dTTP Trilink N-2035 

Biotin-dCTP Lumiprobe 2715 

Recombinant human FTO 

protein 

This study This study 

Ammonium iron(II) sulfate 

hexahydrate 

Sigma 7783-85-9 

L-Ascorbic acid Sigma 50-81-7 

α-Ketoglutaric acid Sigma 328-50-7 

Silver nitrate solution Sigma 7761-88-8 

Deposited Data 

E. coli K-12 SMRT 

sequencing data 

Gene Expression Omnibus (GEO) GSE69872 

Experimental Models: Cell Lines 

HepG2 ATCC HB-8065 

NIH/3T3 ATCC CRL-1658 

B104-1-1 ATCC CRL-1887 
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(Table 2, continued) 
NIH/3T3 (ECACC) 

Sigma 93061524-1VL 

Experimental Models: Organisms/Strains 

C57BL/6J mice The Jackson Laboratory IMSR_JAX:000664 

Oligonucleotides 

Model DNAs, adaptors, and 

primers used in this study 

See Supplementary Table 3  

Software and Algorithms 

Trim Galore!  https://www.bioinformatics.

babraham.ac.uk/projects/tri

m_galore/ 

Bowtie2 https://www.nature.com/articles/nmeth.1923 https://bowtie-

bio.sourceforge.net/bowtie2/

index.shtml 

Samtools https://academic.oup.com/bioinformatics/article

/25/16/2078/204688?login=true 

http://www.htslib.org/ 

VarScan https://genome.cshlp.org/content/22/3/568 http://dkoboldt.github.io/var

scan/ 

Bedtools https://academic.oup.com/bioinformatics/article

/26/6/841/244688 

https://bedtools.readthedocs.

io/en/latest/ 

Homer https://www.sciencedirect.com/science/article/p

ii/S1097276510003667?via%3Dihub 

http://homer.ucsd.edu/homer

/ 

STAR 2.7.10a https://academic.oup.com/bioinformatics/article

/29/1/15/272537 

https://github.com/alexdobin

/STAR 

MACS2 2.2.7.1 ttps://genomebiology.biomedcentral.com/articl

es/10.1186/gb-2008-9-9-r137 

https://pypi.org/project/MA

CS2/ 

DeepTools v3.5.0 https://academic.oup.com/nar/article/44/W1/W

160/2499308 

https://deeptools.readthedoc

s.io/en/develop/ 

IGV (version 2.6.3) Broad Institute https://software.broadinstitut

e.org/software/igv/download 

Prism (version 8.4.0)  www.graphpad.com 

 

3.4.2   Cell culture 

The HepG2, NIH/3T3, and B104-1-1 cell lines were obtained from ATCC and cultured in 

DMEM (Gibco, 11965092) supplemented with 10% FBS (Gibco, 26140079). The cells were 

incubated at 37°C with 5% CO2. The NIH/3T3 cells obtained from ECACC were maintained under 

the same conditions but were only used for sex determination purposes. To ensure purity of the 

isolated genomic DNA used in this study, mycoplasma contamination tests was performed using 

the LookOut Mycoplasma PCR Kit (Sigma, MP0035). 

3.4.3   Development of DR-6mA-seq protocol using synthetic DNA. 
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The 100-mer biotin-tagged NN-6mA-NN model DNA oligo and primer-extension primer 

(Supplementary Table 9) were synthesized by Integrated DNA Technologies (IDT). Initially, the 

primer-extension primer was denatured at 70°C for 2 minutes and immediately cooled on ice. In a 

total volume of 50 μL, 50 ng of the model DNA and 2.5 μL of 2 μM oligo-primer-extension primer 

were mixed with various DNA polymerases, including OneTaq DNA Polymerase, Vent DNA 

Polymerase, phi29 DNA Polymerase, Pwo SuperYield DNA Polymerase, EpiMark Hot Start Taq 

DNA Polymerase, Bst DNA Polymerase-full length, Bst 2.0 DNA Polymerase, Bst 2.0 WarmStart 

DNA Polymerase, Bst 3.0 DNA Polymerase, and Recombinant HIV reverse transcriptase. The 

reactions were performed in the supplied buffers, with the addition of different concentrations of 

magnesium sulfate, manganese chloride, polyethylene glycol (PEG8000, PEG4000, PEG1000, 

PEG600, PEG600, PEG200), dATP/dCTP/dGTP, and modified dTTP/UTP (dUTP, UTP, 2-Thio-

dTTP, 4-Thio-dTTP, 5-Aminoallyl-dUTP, Fluorescein-12-dUTP). Primer extension tests were 

conducted at different temperatures. The newly synthesized strands resulting from the extension 

reaction were subsequently released from the biotinylated template strands immobilized on 

Streptavidin C1 beads (Thermo Fisher) by incubation in 150 mM NaOH. The released strands 

were neutralized, cleaned up using the Oligo Clean & Concentrator Kit (Zymo Research, D4061), 

and incubated with Streptavidin C1 beads again to completely remove the template strands. The 

supernatant was purified using the Oligo Clean & Concentrator Kit and amplified for 10 cycles 

using the NEBNext Ultra II Q5 Master Mix (NEB, M0544S) and NEBNext Multiplex Oligos for 

Illumina (NEB, E7335S). The resulting libraries were purified by gel electrophoresis and recovery 

(NEB, T1020S). All libraries were sequenced at a depth of 2 million reads in single-ended 100 bp 

mode using the NovaSeq 6000 sequencer (Illumina). The final primer extension conditions were 

as follows: 1500 units of Bst 2.0 DNA polymerase (NEB, M0537M), 1× EpiMark Hot Start Taq 
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Reaction Buffer (NEB, M0490S), 8 mM dATP (NEB, N0446S), 2 mM dCTP (NEB, N0446S), 2 

mM dGTP (NEB, N0446S), 0.02 mM 2-Thio-dTTP (Trilink, N-2035), 6 mM magnesium sulfate 

(NEB), and 8% PEG4000 (Rigaku, #25322-68-3). All reactions were incubated at 60°C for 1 hour.  

3.4.4   Expression and purification of recombinant human FTO protein. 

Previously, the human FTO gene (GenBank Accession No. NP_001073901.1) was 

subcloned into the pET28a vector (Novagen) and transformed into the BL21 (DE3) Escherichia 

coli strain.[10.1016/bs.mie.2015.03.013] To induce protein expression, when the optical density 

at 600 nm reached 1.0, the cells were cooled to 16 °C. For a 1L bacterial culture, 1 mL of 100 mM 

IPTG and 200 μL of a 4 μg/μL (NH₄)₂Fe(SO₄)₂ solution were added, and the cells were cultured at 

16 °C for an additional 16 hours. The cells from the 1L culture were pelleted and resuspended in 

40 mL of 1X Lysis Buffer (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5 mM imidazole), which 

contained 1 tablet of Roche cOmplete Protease Inhibitor Cocktail (EDTA-free). The cells were 

then sonicated and centrifuged. The supernatant containing the soluble recombinant protein was 

filtered through 0.22 μm syringe filters and purified using Ni Sepharose 6 Fast Flow (GE 

Healthcare). After washing the agarose once with 50 mL of 1X Lysis Buffer, the agarose was 

washed with two different washing buffers. The first wash buffer (Wash Buffer A) contained 20 

mM Tris-HCl pH 7.5, 500 mM NaCl, 5 mM imidazole, and 1 tablet of Roche cOmplete Protease 

Inhibitor Cocktail (EDTA-free). The second wash buffer (Wash Buffer B) contained 20 mM Tris-

HCl pH 7.5, 300 mM NaCl, 25 mM imidazole, and 1 tablet of Roche cOmplete Protease Inhibitor 

Cocktail (EDTA-free). The protein was eluted using 14 mL of Elution Buffer (20 mM Tris-HCl 

pH 7.5, 300 mM NaCl, 250 mM imidazole). The collected flowthrough was initially concentrated 

by centrifugation and then diluted with 1X Resuspension Buffer (20 mM Tris-HCl pH 7.5, 300 

mM NaCl). The diluted protein was re-concentrated five times to remove imidazole. Finally, the 
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protein was concentrated to approximately 22 mg/mL using Ultra 0.5 Centrifugal Filters (Millipore, 

UFC503096). Glycerol was added to the enzyme to achieve a final concentration of 25%, and the 

protein was stored at -80 °C for future use..  

3.4.5   Preparation of DNA samples. 

The Escherichia coli strain K-12 genomic DNA was acquired from ATCC (10798D-5). 

Genomic DNA samples from the human brain, liver, heart, and testis were obtained from Zyagen 

(HG-201; HG-314; HG-801; HG-401). Genomic DNA from NIH/3T3 cells, B104-1-1 cells, 4-

month-old male C57BL/6J mouse whole testis, 4-month-old male C57BL/6J mouse whole brain, 

and 2.5-month-old female C57BL/6J mouse whole brain were all prepared using the Monarch 

Genomic DNA Purification Kit (NEB, T3010S). Prior to library construction, all DNA samples 

underwent a rigorous treatment with RNase A (NEB, T3018L) to eliminate any RNA 

contaminants.. 

3.4.6   Preparation of synthetic unmodified DNA samples. 

The unmodified E. coli K-12 DNA was synthesized using the REPLI-g Mini Kit (Qiagen, 

150023). A total of 1 ng of E. coli K-12 DNA from each of the three biological replicates was used 

as the template, resulting in a yield of over 1 μg of synthetic DNA. 

3.4.7   Detection of bacterial DNA contamination in genomic DNA samples. 

For the survey of the 16S rRNA gene against diverse bacterial species, a qPCR protocol 

was employed, as described in a previous publication.162 The primer pair 799f/1193r was utilized 

to ensure high phylogenetic richness and low non-specificity. To serve as positive controls, 

previously reported primer pairs targeting the mouse and human 18S rDNA were used 

(Supplementary Table 3).163,164 As negative controls, standard mouse and human genomic DNA 

were purchased from Sigma (cat# 69239, 69237). A quantity of 1 ng of genomic DNA was used 
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per qPCR reaction. The qPCR reactions were set up using SYBR™ Select Master Mix (Applied 

Biosystems, 4472908), and 40 cycles of PCR were performed.  

3.4.8   LC-MS/MS analysis. 

Validation of FTO demethylation activity on ssDNA: 

The 100-mer biotin-tagged NN-6mA-NN model DNA oligo was hybridized with its 

complementary oligo (Supplementary Table 3) in Nuclease Free Duplex Buffer (IDT, 11-05-01-

12) at a mole ratio of 1:3. A total of 300 ng denatured NN-6mA-NN model single-stranded DNA 

(ssDNA) oligo, as well as 300 ng annealed NN-6mA-NN model double-stranded DNA (dsDNA), 

were incubated at 37℃ for 4 hours in a 500 μL reaction solution containing 50 mM HEPES pH 

7.0, 60 mM KCl, 75 μM ammonium iron(II) sulfate hexahydrate, 2 mM L-ascorbic acid, 300 μM 

α-ketoglutarate, and 2.4 μM recombinant FTO protein. The demethylation reactions were 

subsequently purified using the Oligo Clean & Concentrator Kit (Zymo research, D4061) for 

ssDNA and the DNA Clean & Concentrator Kits (Zymo research, D4003) for dsDNA, followed 

by digestion with the Nucleoside Digestion Mix (NEB, M0649S) at 37 ℃ for 2 hours. The digested 

DNA was then filtered through a 0.22 μm filter (Millipore, SLGVR04NL). 

For UHPLC-QqQ-MS/MS analysis, a 10 μL sample was injected, and the nucleosides were 

separated using reverse-phase UHPLC on a C18 column (Agilent, 927,700-092) followed by MS 

detection using an Agilent 6460 QQQ-MS/MS set to multiple reaction monitoring (MRM) in 

positive electrospray ionization mode. Nucleosides were quantified using the nucleoside precursor 

ion to base ion mass transitions of 266.1-150.0 for 6mA and 268.1-152.0 for dG. The concentration 

of nucleosides was determined using calibration curves generated from nucleoside standards run 

under the same conditions. 

Quantification of gDNA 6mA in biological samples: 
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Cell cultures were treated with plasmocin (InvivoGen, ant-mpt) to eliminate any potential 

mycoplasma contamination. Genomic DNA extracted from various cell lines (such as NIH/3T3 

and B104-1-1 cells) and tissues (including E. coli K-12, mouse testis, mouse E15.5 embryo, human 

liver, human brain, and human testis) was subjected to digestion using Nucleoside Digestion Mix 

(NEB, M0649S) with 1X Reaction Buffer (50 mM potassium acetate pH 5.4, 1 mM ZnCl2) at 37 ℃ 

for 2 hours. For UHPLC-QqQ-MS/MS analysis, a 10 μL sample was injected and analyzed using 

the standard procedures with a modified UHPLC protocol. To enhance the detection of 6mA signal 

and achieve better separation from other peaks, we adjusted the UHPLC protocol as follows: 98% 

A + 2% B at 0 minutes; 97% A + 3% B at 8 minutes; 93% A + 7% B at 9 minutes; 89% A + 11% 

B at 10 minutes; 50% A + 50% B from 10.25 to 12.50 minutes; 98% A + 2% B at 12.75 minutes; 

where A = H2O + 0.1% HCOOH and B = MeOH + 0.1% HCOOH.  

3.4.9   Optimized DR-6mA-seq protocol for biological DNA samples. 

For E. coli DNA and mtDNA, we diluted 400 ng~1 μg of RNA-free DNA in TE buffer 

(Invitrogen, AM9849) with 0.1 M NaOH and sonicated it to a length of 100-300 nt using the 

Bioruptor Pico sonication device. In the case of mammalian gDNA, antibody enrichment was 

performed before library construction. We diluted 50 to 100 μg of RNA-free DNA in TE buffer 

(Invitrogen, AM9849) with 0.1 M NaOH and sonicated it to a length of 100-300 nt. The 

fragmented DNA was then immunoprecipitated using 25 μg of anti-6mA antibody (Sigma, 

ABE572 or Abcam, ab151230) by gently rotating it at 4°C overnight. We washed Pierce Protein 

A Magnetic Beads (Thermo Scientific, 88845) and used them to pull down the antigen-antibody 

complex. Subsequently, we treated the beads with proteinase K (NEB, P8111S), and the 6mA-

enriched DNA was purified using the DNA Clean & Concentrator Kit-25 (Zymo Research, D4033). 
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The fragmented DNA was mixed with 15% (mass percentage) spike-in probes 

(Supplementary Table 3) and then divided into three parts in a ratio of 3:4:1. Each part was used 

for the mutation group, demethylation control, and high-fidelity control. For the demethylation 

control, the DNA fragments were denatured and incubated at 37°C for 4 hours in a 300 μL reaction 

containing 50 mM HEPES (pH 7.0), 60 mM KCl, 75 μM ammonium iron (II) sulfate hexahydrate, 

2 mM L-ascorbic acid, 300 μM α-ketoglutarate, and 2.4 μM FTO purified protein. The 

demethylation reaction was then treated with proteinase K (NEB, P8111S) and cleaned up using 

the Oligo Clean & Concentrator Kits (Zymo Research, D4061). 

The three groups of DNA were denatured and subjected to splint ligation following a 

previous protocol (Supplementary Table 3). The ligation products of the mutation group and 

demethylation control underwent primer extension at 60°C for 3 hours in a 50 μL reaction 

containing 6 μM biosample-primer-extension primer (Supplementary Table 3), 1500 units of Bst 

2.0 DNA polymerase (NEB, M0537M), 1× EpiMark Hot Start Taq Reaction Buffer (NEB, 

M0490S), 8 mM dATP (NEB, N0446S), 2 mM dCTP (NEB, N0446S), 2 mM dGTP (NEB, 

N0446S), 0.02 mM 2-thio-dTTP (Trilink, N-2035), 6 mM magnesium sulfate (NEB), and 8% 

PEG4000 (Rigaku, # 25322-68-3). Meanwhile, the ligation product of the high-fidelity control 

underwent primer extension in a 50 μL reaction containing 6 μM biosample-primer-extension 

primer and 1× Q5 High-Fidelity 2X Master Mix (NEB, M0492S) with 6 thermal cycles. 

The synthesized strands for each group were subsequently released from the biotin-tagged 

template strands immobilized on Dynabeads MyOne Streptavidin C1 (Invitrogen, 65001) by 

incubation in 0.15 M sodium hydroxide. The released strands were neutralized, cleaned up with 

Oligo Clean & Concentrator Kits, and incubated again with Dynabeads MyOne Streptavidin C1 

to completely remove the template strands. The supernatant was cleaned up with Oligo Clean & 



92 

 

Concentrator Kits and amplified for 10 to 12 cycles using the KAPA HiFi Uracil+ Master Mix 

(Roche, KK2801) and NEBNext Multiplex Oligos for Illumina (NEB, T1020S). The resulting 

libraries were purified by gel electrophoresis and recovery and finally sequenced at a depth of 60 

to 100M with single-ended 100 bp mode. 

3.4.10   Genetic sex determination of NIH/3T3 and B104-1-1 cell culture. 

The methodology used for determining the sex of mouse cell lines was adapted from a 

previous study.165 Genomic DNA was extracted from female and male brain samples of C57BL/6 

mice, as well as from NIH/3T3 cell cultures (ATCC, CRL-1658, and Sigma 93061524-1VL) and 

B104-1-1 cell culture (CRL-1887). The DNA was then amplified using Q5 High-Fidelity 2X 

Master Mix (NEB, M0492S) and Rbm31x/y-F/R primers (Supplementary Table 3). 

3.4.11   Quantification of 6mA fraction on specific sites by amplicon sequencing. 

Genomic DNA was isolated from NIH/3T3 cells and B104-1-1 cells and subjected to a 

modified version of the DR-6mA-seq protocol to induce mutations at 6mA sites during extension. 

Adaptor ligation was not performed on the treated genomic DNA, which was then utilized for the 

amplicon assay. For 6mA candidate sites with high mutation ratios or high modification fractions 

in NIH/3T3 and B104-1-1 cell lines, a 500-nt window was defined for designing amplicon primers. 

These primers covered a region of 150-300 nt, including the target 6mA site. 

Illumina sequencing barcodes were incorporated into the amplicon primers. Approximately 

1-2 ng of the treated genomic DNA was used for amplicon PCR amplification, consisting of 40 

cycles performed at the optimized annealing temperature for each primer pair. The PCR reaction 

mixture was subsequently purified using agarose gel, and size selection was employed to isolate 

the target band representing the PCR product from the specific 6mA site region. All libraries were 

sequenced on the NextSeq 500 platform using paired-end 300 bp mode. 
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The sequencing reads were aligned to the 500-nt region, allowing for a maximum of 20 

mismatches per read. The stop ratio at the 6mA site was estimated by comparing the read coverage 

of the two strands, which were differentiated by Illumina sequencing. The actual mutation ratio at 

the 6mA site was determined by comprehensively calculating the mutation ratio and stop ratio 

observed in the amplicon assay. This was done using the formula depicted in Figure 6A. In 

summary, the actual mutation ratio was calculated as follows: (mutation ratio in amplicon assay) 

× (2.0 – stop ratio) / (1.0 – stop ratio). 

3.4.12   Library construction for ChIP-seq 

NIH/3T3 and B104-1-1 cells were cultured in 10-cm dishes with an initial confluency of 

30% in antibiotic-free medium. After 48 hours for NIH/3T3 cells and 24 hours for B104-1-1 cells, 

the cell pellet containing approximately 7 million cells per dish was collected. Since this study 

involved testing three histone modifiers, six dishes of NIH/3T3 cells and six dishes of B104-1-1 

cells were prepared, with two biological replicates for each cell line. Each ChIP-seq reaction was 

initiated with approximately 7 million cells, following the standard protocol of the iDeal ChIP-seq 

Kit for Histones (Diagenode, C01010051). The ChIP-seq grade antibody H3K4me3 (1 µg/µl) was 

provided by the iDeal ChIP-seq Kit for Histones, while H3K9me3 (D4W1U, Rabbit mAb, #13969, 

diluted 1:50) and H3K27me3 (C36B11, Rabbit mAb, #9733, diluted 1:50) antibodies were 

separately purchased from Cell Signaling. The immunoprecipitated DNA was further processed 

using the NEBNext® Ultra™ II DNA Library Prep Kit (NEB, E7645S) for library preparation, 

followed by sequencing on the NextSeq 2000 platform in paired-end 75 bp mode.  

3.4.13   Validation of 6mA sites in the mammalian genome by Ag+ based method. 

SsDNA was extracted from HepG2 mtDNA, B104-1-1 total DNA, and NIH/3T3 total DNA. 

The ssDNA samples were divided into two groups: one group underwent FTO demethylation 
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treatment, while the other served as the control. For each sample, 10 μL of ssDNA (~ 150 ng/μL) 

was combined with 1 μL of a 50 μM extension primer, 1 μL of 2 mM Biotin-dCTP (Lumiprobe, 

2715), 5 μL of 10X Standard Taq Reaction Buffer (NEB, M0273S), 5 μL of 10 μL freshly prepared 

AgNO3, 0.25 μL of Taq DNA Polymerase (NEB, M0273S), and 27.75 μL of nuclease-free water. 

The mixture was thoroughly mixed and incubated at 95℃ for 30 seconds. This step was repeated 

for 20 cycles, with incubation at 95℃ for 15 seconds, 62℃ for 1 minute, and 68℃ for 10 minutes. 

The reaction mixture was then purified using the Oligo Clean & Concentrator kit (Zymo Research, 

D4061), and the DNA was eluted with 40 μL of nuclease-free water. 5 μL of a 10 nM biotinylated 

ssDNA spike-in oligo was then added to the eluted DNA. The mixture was thoroughly mixed, and 

2 μL was saved as the 'Input' sample. The remaining 43 μL of DNA was combined with 30 μL of 

Streptavidin C1 beads and incubated at 4℃ for 30 minutes. The supernatant was then removed, 

and the beads were washed seven times with C1-Wash Buffer (50 mM HEPES pH 7.3, 300 mM 

NaCl, 0.05% NP40). Proteinase K treatment was performed to release the ssDNA from the beads. 

The eluted ssDNA was further purified using the Oligo Clean & Concentrator kit (Zymo Research, 

D4061), resulting in the 'Pulldown' sample. Both the 'Input' and 'Pulldown' samples were subjected 

to RT-qPCR assays to quantify the enrichment folds of the target 6mA region in the FTO 

demethylation group compared to the control. 

3.4.14   Data processing for whole-genome DR-6mA-seq. 

The raw sequencing reads were initially processed using Trim_Galore to eliminate adaptors 

and low-quality nucleotides. To evaluate the library quality and mutation levels in various 

sequence contexts, the high-quality reads were aligned to spike-in sequences using bowtie2. 

Subsequently, the reads from high-quality libraries were aligned to reference genomes using 

bowtie2, and only uniquely mapped reads were retained for subsequent analyses. 
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In the case of mutation calling for mitochondrial DNA (mtDNA), only the reads that 

mapped to mtDNA were kept. Conversely, for mutation calling in genomic DNA, the reads aligned 

to mtDNA were excluded from further analyses. 

3.4.15   Statistical calling of 6mA and assessing FDR of whole-genome DR-6mA-seq. 

Mutated A or T sites were identified using VarScan software with default parameters. To 

minimize potential artifacts resulting from low sequencing depth, only mutations with a depth of 

at least 20x in all replicate groups were considered. Candidate 6mA sites were defined based on 

the following criteria: 1) absence of mutations in the control group, 2) baseline mutations in the 

demethylated group, and 3) mutations in the error-prone mutation group in all replicates. To 

remove potential noise, an FDR-based filter was applied to our 6mA lists. Specifically, the FDR 

was determined by analyzing the mutation distribution in the synthetic E. coli negative control 

group. By examining the mutation ratios in the negative control group, null mutation ratio 

distributions were generated for each motif, representing the expected background noise in the 

absence of specific mutation effects. Mutation cutoffs were then determined for each motif based 

on a desired FDR threshold of less than 0.1% (or 0.001), considering 99.9% of mutations in the 

null distributions as background noise. These mutation cutoffs were subsequently applied to filter 

out potential noise in the biological samples. The resulting 6mA site lists were further calibrated 

to obtain the actual modification levels. 

For 6mA calibration, a total of 256 linear regression models were generated, each 

corresponding to a specific nucleotide context, based on the mutation ratios of spike-in sequences. 

Methylation levels were predicted using these linear models according to the corresponding 

sequence context. 
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Comparison of different replicates was performed using Bedtools. To compare regions, 

6mA sites were first extended by 5 bp for mtDNA and 1000 bp for gDNA using Bedtools, and 

then compared using the intersectBed function. 

To assess the significance of overlaps between different sets of regions, we randomly 

shuffled the regions across the genome 1,000 times and recorded the number of overlaps in these 

null distributions. P-values for specific numbers of overlaps were calculated as the probability of 

obtaining an equal or greater number of overlaps in the null distributions. Visualization of 6mA 

clusters was done using IGV (version 2.6.3).  

3.4.16   Data processing for ChIP-seq. 

The initial step in our analysis involved trimming the raw sequencing reads to eliminate 

adaptors and low-quality nucleotides, using Trim_Galore. Subsequently, we aligned the high-

quality reads to reference genomes using bowtie2, retaining only uniquely mapped reads for 

subsequent analyses. To remove PCR duplicates, we employed Samtools. The identification of 

peaks was performed using the MACS software. 

To assess the significance of overlaps between sets of histone modification peaks and 6mA 

sites, we employed a random shuffling approach. Specifically, we randomly shuffled the 1-kb 

flanking regions of the region-level 6mA sites across the entire genome, repeating this process 

1,000 times. We then determined the number of overlaps between the shuffled region sets and the 

histone modification peak sets, creating null distributions. The p-values for specific numbers of 

overlaps were defined as the probabilities of obtaining equal or greater numbers of overlaps in the 

null distributions.  

3.4.17   Statistics 
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Statistical comparisons between two groups were performed using unpaired two-tailed t-

tests. For comparisons among multiple groups, one-way ANOVA tests were employed. All 

statistical analyses and data visualization were conducted using Prism software (version 8.4.0). 

3.4.18   Data availability 

All sequencing data are available at NCBI Gene Expression Omnibus with the accession 

number: GSE213876.  
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Chapter 4  

Summary and perspectives 

4.1   Coordinated transcriptional regulation and alternative splicing modulate 

the brain development 

In Chapter 2, I conducted a comprehensive RNA-Seq analysis of alternative splicing events 

that exhibit differential regulation during brain development, leading to NMD of the transcripts, 

and are controlled by PTB proteins in mouse brains. The study identified a total of 2555 NMD-

related splicing events, 3290 differential splicing events, and 1186 splicing events that are 

regulated by Ptbp1/2. Remarkably, 119 splicing events were found to be present in all three 

categories. These splicing events were found to be significantly enriched in gene clusters 

associated with synapse, postsynaptic density, and neuronal functions. Notably, the A3SS of 

Syngap1 exon 11 was identified as an example that is mammal-specific, regulated by Ptbp1, and 

subject to NMD, leading to reduced expression of Syngap1 in non-neuronal cells. 

As early as 2009, researchers conducted whole-genome exon-level analysis and observed 

that during the development of the human brain, a significant proportion of the total annotated 

genes, up to 76% (13223), were expressed. Among these expressed genes, 33% (4369) exhibited 

differential expression, while 28% (3755) underwent differential alternative splicing. It is worth 

noting that 44% of the expressed genes in the developing human brain demonstrated evidence of 

some form of differential regulation, while 17% (2260) displayed both differential expression and 

splicing.166 Such a complicated and highly coordinated gene expression regulation network 

facilitates the unique feature of mammalian corticogenesis and advanced brain functions. Notably, 

in many cases, including SYNGAP1, alternative splicing events collaborate with transcriptional 
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regulation or other splicing events within the same gene to synergistically regulate gene expression. 

For example, in the non-neuronal cell types where the unproductive A3SS of Syngap1 is spliced 

in, the transcription activity of Syngap1 is also reduced (data not shown). This also suggests that 

during evolution, mammalian cells gradually acquired regulatory mechanisms that are more 

efficient in conserving material and energy consumption. One of the future research directions is 

to investigate, at the genomic level, how these transcriptional regulatory events and alternative 

splicing events, which play important roles in brain development, have emerged one by one during 

evolution and finally coordinated with each other to ensure normal neurogenesis. Studying this 

issue will provide important molecular biology evidence for our understanding of the evolution of 

advanced brain functions in mammals, especially primates. 

4.2   Splice-switching ASOs targeting unproductive splicing holds promise for 

disease therapy 

In Chapter 2, we developed and assessed the efficacy of antisense oligonucleotides (ASOs) 

that target the upstream intronic region of SYNGAP1 exon 11 A3SS. Our results demonstrate that 

at least one splice-switching ASO (CH937) can effectively suppress the inclusion of exon 11 A3SS 

and significantly increase the production of productive SYNGAP1 transcripts in human induced 

pluripotent stem cell (iPSC) lines, iPSC-derived neurons, and cerebral organoids. Notably, reduced 

expression of SYNGAP1 resulting from genomic mutations is associated with developmental 

abnormalities in the neural system, including nonsyndromic intellectual disability, autism 

spectrum disorder, and epilepsy.167,168 Therefore, targeting SYNGAP1 exon 11 A3SS with splice-

switching ASOs represents a promising therapeutic strategy to restore SYNGAP1 expression 

levels by reducing the nonsense-mediated decay of transcripts produced by the normal allele. 
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Nevertheless, further in vivo studies are necessary to fully comprehend its therapeutic potential 

since the inclusion rate of SYNGAP1 exon 11 A3SS in the brain during the postnatal stage is low.  

There exist more than 10,000 human disorders that are attributed to a single gene mutation, 

also referred to as monogenic diseases.169 Among these, a substantial proportion of monogenic 

disorders arise from mutations that lead to decreased expression of particular proteins. Many of 

these disorders arise when one copy of a gene is mutated, inactivated, or deleted, and the remaining 

functional copy of the gene is insufficient to produce the necessary protein to maintain normal 

cellular function. This condition, referred to as haploinsufficiency, arises from dominant mutations 

that lead to the functional loss of one allele. Haploinsufficient genes are linked to various diseases, 

including but not limited to neurological disorders and cognitive impairment.170 For instance, 

cystic fibrosis is a genetic disease that arises from mutations in the CFTR gene, which encodes a 

protein that regulates salt and water movement in and out of cells. These mutations can lead to 

reduced expression or function of the CFTR protein, resulting in the hallmark symptoms of the 

disease. Likewise, sickle cell anemia is caused by mutations in the HBB gene, which encodes the 

beta-globin protein. These mutations can cause haploinsufficiency and reduced expression of beta-

globin protein, leading to the characteristic abnormal shape of red blood cells in the disease.171  

There are several treatment strategies available for diseases caused by haploinsufficiency. 

One approach involves introducing a functional copy of the affected gene into the patient's cells 

to restore normal protein expression by gene therapy. Another strategy is to use drugs to increase 

the expression of the remaining functional copy of the gene, or to compensate for the loss of protein 

function, such as enzyme replacement therapy for lysosomal storage disorders. Stem cell therapy 

involves replacing the patient's defective cells with healthy cells that can produce the missing 

protein. In some cases, modifying the patient's diet can help to compensate for the loss of protein 
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function. For example, in phenylketonuria (PKU), a genetic disorder caused by pathogenic variants 

in the phenylalanine hydroxylase (PAH) gene, patients need to avoid foods that contain 

phenylalanine to prevent the buildup of toxic substances in their bodies.172 However, due to the 

fact that genetic diseases caused by haploinsufficiency are typically rare and involve distinct 

pathogenic genes, the development of relevant therapies is fraught with significant challenges, and 

the efficacy of such therapies varies widely. 

Our research in Chapter 2 provides new insights into the treatment of haploinsufficiency-

related diseases. Not only those caused by mutations resulting in unproductive splicing but also 

any normal transcripts carrying unproductive splicing events can be targeted for splice out using 

splice-switching ASOs, thereby increasing protein expression from the normal allele and restoring 

relevant biological functions, ultimately leading to alleviation and treatment of the disease. It has 

been observed that a significant number of genes identified in our unproductive splicing list are 

associated with haploinsufficiency, such as PDK1 in the context of polycystic kidney disease. 

Considering this, it may be worthwhile to explore the possibility of restoring protein expression 

through splicing-switching of NMD exons as a promising novel therapeutic approach that warrants 

further validation in future research. 

4.3   Analogs of deoxynucleoside triphosphates offer a widely applicable 

strategy for mapping DNA and RNA modifications 

In Chapter 3, I developed a novel approach to map 6mA at a single-base resolution using 

mutation calling. This method involves inducing mutations at 6mA sites during DNA primer 

extension, which is achieved through the use of 2-thio-dTTP instead of dTTP. It is widely 

recognized that thiones, such as thioT, have limited capacity as hydrogen bond acceptors in 

Watson-Crick pairing. 2-thio-dTTP has been shown to pair normally with dA during regular DNA 
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amplification, albeit with a slower incorporation rate and reduced stability.135 Additionally, it can 

be utilized to decrease the mispair between thymidine (T) and the minor tautomer of isoG, 

consequently increasing replication fidelity.134 Meanwhile, extensive research has been carried out 

to investigate the properties of the 6mA base. This base is typically present in two conformations, 

which differ by a 180° rotation of the methyl group. In its free form, the 6mA base exhibits a 

preference ratio of 20:1 towards the Watson-Crick edge over the Hoogsteen edge of the base. 

However, only the second conformation is compatible with the Watson-Crick pairing of bases in 

double-stranded DNA. The presence of 6-methyl groups in adenine necessitates the less favored 

conformation of 6mA for base pairing, which thus acts as a destabilizing factor for double-stranded 

DNA.173 The presence of both the 2-thio group on T and the N6-methyl group on A can have a 

destabilizing effect on base pairing stability, which is further exacerbated when they coexist. This 

effect can be compounded under conditions that promote mutation, such as the use of a DNA 

polymerase with relatively low fidelity and the addition of magnesium ions. Consequently, 

mispairing at the 6mA sites can be introduced while the normal A sites remain relatively unaffected. 

Analogs of deoxynucleoside triphosphates are molecules that are structurally similar to 

natural nucleotides but contain modifications in their chemical structure. These modifications can 

alter their function and can make them useful for various applications, including DNA sequencing, 

labeling, and modification studies, as well as the development of antiviral and anticancer drugs. 

They are also used in research to study DNA replication, repair, and recombination, as well as to 

investigate the mechanisms of genetic diseases. For instance, 5-bromo-2'-deoxyuridine (BrdU) is 

used in DNA synthesis studies to label newly synthesized DNA.174 2',3'-dideoxynucleoside 

triphosphates (ddNTPs) lack the 3'-OH group required for DNA synthesis and are used in DNA 
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sequencing techniques such as the Sanger method.175 2-aminopurine (2-AP) can replace adenine 

in DNA and RNA and is useful for studying base-pairing interactions.176 

In an increasing number of DNA/RNA modification sequencing methods, the mutation-

based approaches that introduce mutations/deletions/stops at the modified sites during DNA 

amplification and RNA reverse transcription processes is gradually demonstrating many 

advantages in sensitivity, resolution, and quantifiability.177–179 Prior to this, this type of mutation-

based sequencing methods mainly relied on adding bulky chemical groups to the modified bases 

and evolving the DNA polymerases or RNA reverse transcriptases through molecular evolution, 

with supplementary approaches including the use of biased dNTP ratios. In our study in Chapter 

3, we have made a groundbreaking discovery that analogs of deoxynucleoside triphosphates can 

also introduce mutations at modified bases while maintaining fidelity at unmodified A/T/C/G 

bases. This is enabled by the differential stabilities of Watson–Crick base pairs between the analog 

of deoxynucleoside triphosphate and mofidied vs. unmodified bases. Notably, this strategy can 

theoretically be applied to any DNA/RNA modification. By synthesizing and screening analogs of 

deoxynucleoside triphosphates that meet the criteria, combined with specific or evolved DNA 

polymerases and RNA reverse transcriptases, convenient, rapid, single-base resolution, and 

quantitative whole-genome/transcriptome DNA/RNA modification sequencing can be achieved. 

4.4   Mammalian 6mA: where are we, and what comes next? 

In Chapter 3, I employed UHPLC-QqQ-MS/MS and the newly developed sequencing 

method, DR-6mA-seq, to discover and characterize a mammalian system with enriched 6mA 

levels. Specifically, I focused on the B104-1-1 mouse glioblastoma model cell line, which was 

generated through transfection of the embryonic mouse fibroblast cell line, NIH/3T3, with the 

digested DNA from the rat neuroblastoma cell line B-104. This cell line harbors the neu 
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transforming gene, which is homologous to the Erbb2 oncogene and encodes for a 185000-dalton 

antigen known as p185.81,147 Based on LC-MS/MS analysis, the level of 6mA in B104-1-1 gDNA 

was found to be approximately four times higher than that in its parental cell line, NIH/3T3, with 

a concentration of approximately 80 ppm. Interestingly, the DR-6mA-seq results identified newly 

emerged 6mA sites in B104-1-1 that were not present in NIH/3T3, and these sites exhibited unique 

distribution patterns. These findings, which agree with the previous report, suggest a strong 

association between increased 6mA levels and tumorigenesis in glioblastoma and highlight the 

potential of B104-1-1 as an excellent model for studying the processing and function of 6mA in 

mammalian cells.81 

Since the detection of 6mA in human tissues using LC-MS/MS, there has been a sharp 

increase in publications on mammalian 6mA, utilizing various mapping methods, with a peak in 

2018-2020 (Figure 4.1).54,180 As an epigenetic mark, it is important to identify the writers, erasers, 

and readers of mammalian 6mA. However, determining the regulators of 6mA in mammals is a 

challenging task due to the low modification level and the absence of a homolog of the bacterial 

6mA methyltransferase (Dam) in mammals.180 Some tissues or cells, including B104-1-1 cell line 

I characterized in Chapter 3, display significantly higher abundance of 6mA, and it shows dynamic 

changes in certain biological processes and conditions, which may provide clues to future 

screening assays of 6mA regulators. Additionally, the identification of the consensus 6mA motif 

using advanced mapping tools in the future will provide some enlightenment regarding the 6mA 

processors and binding proteins. 
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Figure 4.1 Timeline of key discoveries on mammalian 6mA. 

mESC, mouse embryonic stem cell. LINE-1, long interspersed nuclear element-1. hLCL, human 

lymphoblastoid cell. GSC, glioblastoma stem cell. mTSC, mouse trophoblast stem cell. HCC, 

hepatocellular carcinoma. 

However, functional studies of 6mA cannot solely rely on manipulating the putative 

effector proteins of 6mA. It is crucial to acknowledge that current studies investigating the function 

of 6mA often involve the manipulation of specific 6mA methyltransferase or demethylase 
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enzymes. This approach raises concerns as many of these enzymes have additional substrates apart 

from 6mA. For instance, METTL4 serves as an snRNA m6Am methyltransferase that regulates 

RNA splicing, ALKBH1 has been shown to preferentially demethylate m1A and m5C on tRNAs, 

ALKBH4 was initially identified as a lysine demethylase, and N6AMT1 was recently discovered 

to be a protein methyltransferase.87,181–184 Therefore, it is imperative to eliminate any effects 

mediated by other substrates in future 6mA functional studies. Ideally, a targeted DNA 

demethylation system that employs dCas9 fused with the catalytic domain of 6mA 

methyltransferase and demethylase should be developed and utilized to manipulate specific 6mA 

loci.54 This would enable the direct functional effects of specific methylation events to be 

demonstrated. Currently, it remains unclear whether the processing of 6mA is functional or simply 

incidental to the processing of other substrates, emphasizing the need for further research in this 

area. 

There is concern among some researchers that the scarcity of mammalian 6mA may limit 

its ability to control transcription.173 However, it is important to note that many covalent 

modifications with similarly low abundance, such as 5fC on DNA and m1A and m7G on RNA, 

have been shown to play critical roles in mammalian cells.185–187 Additionally, the level of 6mA is 

much higher and more likely to have functions in early embryonic and tumor cells. It is plausible 

that 6mA on the mammalian nuclear genome plays a specific role in certain biological processes, 

such as tumorigenesis and early development. Therefore, 6mA has the potential to become a novel 

pathological marker and even a druggable target for cancer treatment. 
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