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Abstract 

 Gene expression is regulated through a dynamic interconnected web of systems 

with its rich complexity only further appreciated following the Human Genome Project. The 

genome by itself not containing all information on a biological state has led to growing 

interest in the regulation of its expression, including through chemical modification 

deposited within mRNA transcripts. Here, I explore the impact of the two most abundant 

mRNA modifications, N6-methyladenosine (m6A) and pseudouridine (Ψ) on gene 

expression by study of modification writer and reader enzymes, which respectively deposit 

and interact with transcript modifications.  In Chapter 2, I show how m6A reader protein 

hnRNPG can accommodate mutual, co-transcriptional interactions with RNA Polymerase II 

and m6A-modified RNA through development of a spin-down assay for low-complexity 

protein interactions. In Chapter 3, I demonstrate that type I reader protein YTHDC1 

interacts with RNA Polymerase II through its structured YTH-domain, which is 

outcompeted by its canonical ligand in m6A. In Chapter 4, I perform a bioinformatic survey 

on the connection between m6A writers and readers on tRNA. In Chapter 5, I detail our 

newly developed NanoSPA platform for direct, simultaneous long-read sequencing of m6A 

and Ψ along the same mRNA transcript. Using this platform, we demonstrate crosstalk 

between m6A and Ψ on modification concurrence and translational efficiency. Together, the 

work here expands the mechanistic understanding of mRNA modification writers and 

readers in regulation of gene expression.
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Chapter 1 

Introduction 

Gene expression, the process by which information stored in genome imparts its 

downstream function, is dynamic and varied in all biological strata, from populations and 

species to specific cell types during stress (Frank, Matthew G. annis, Watkins 2019). It is the 

precise expression of a gene that ultimately shapes cellular function and fate and thereby 

refutes the genome as solely representative of the biological state. The genome is given 

more depth through transcriptional, post-transcriptional, translational, and post-

translational regulation. These mechanisms connect, forming a dense regulatory network 

underpinning cellular physiology (Pope and Medzhitov 2018).   

Herein, I detail interplay between chemical RNA modifications and the greater gene 

expression network.  

 

1.1 Regulation of gene expression through chemical modification of 

messenger RNA 

Chemically modified nucleotides were observed as early as the 1950s (COHN and 

VOLKIN 1951; WYATT and COHEN 1953), but the functional significance of this chemical 

diversity was not immediately apparent. Ten modifications were observed while 

sequencing the first biological RNA, an alanine transfer RNA (HOLLEY et al. 1965); the 

presence of a modified nucleotide in the third transfer RNA (tRNA) codon position led to 

the “wobble hypothesis,” which postulates the importance of this modification in 
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expanding the triplet code through non-canonical interactions (Crick 1966). Initial 

characterizations found human ribosomal RNA (rRNA) and transfer RNA (tRNAs) highly 

enriched in modification relative to messenger RNA (mRNA), and as such became the focal 

point in their study. However, advances in sequencing technology have revealed the 

prominence of internal mRNA chemical modifications and allowed mechanistic inquiry into 

their significance. To date, over 100 unique chemical modifications have been identified in 

cellular RNA (Roundtree, Evans, et al. 2017). 

Modification of eukaryotic mRNA was first studied in the context of the 5’ m7G cap 

(Ramanathan, Robb, and Chan 2016) and the 3’ polyA tail (Fisher and Beal 2018). 

Modification of internal mRNA nucleotides primarily occurs at the ribose base, the most 

prevalent modifications being N1-methladenosine (m1A), 5-methylcytosine (m5C), N6-

methyladenosine (m6A), 5-hydroxymethylcytosine (hm5C), N4-acetylcytidine (ac4C), the 

uridine isomer pseudouridine (Ψ), and inosine (I) resulting from adenosine-to-inosine 

editing (Roundtree, Evans, et al. 2017; H. Shi et al. 2020; Arango et al. 2018). Research has 

shown that these modifications represent a regulatory layer beyond transcriptomics 

termed “epitranscriptomics,” stemming from analogies to histone modification epigenetics 

(Helm and Motorin 2017). Broadly, these chemical modifications are introduced through 

enzymes referred to as “writers,” removed in some cases by enzymes known as “erasers,” 

and specifically recognized by “reader proteins,” which impart the modification’s 

downstream effect (Figure 1.1).  

This thesis concerns the effect of the two most abundant of these modifications: m6A 

and Ψ. Chapters 2 and 3 concern the co-transcriptional, RNA Polymerase II-mediated 

interactions of nuclear m6A reader proteins, Chapter 4 is a bioinformatic survey 
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investigating the connection between m6A-modified mRNA and tRNA processing, while 

Chapter 5 investigates the crosstalk between transcript m6A and Ψ in addition to their 

effect on translation.  

 

Figure 1.1 N6-methyladenosine(m6A) and pseudouridine (Ψ) are the two most abundant 
mRNA modifications in eukaryotes.  (a). m6A methyltransferases, or writer proteins, 
including core components METTL3 and METTL14 methylate the adenosine base at 
position 6 generating m6A, whose abundance can be reversibly modified by demethylase, 
or eraser proteins, such as ALKBH5 and FTO. Once deposited, an m6A moiety can be 
specifically recognized by one of three classes of “reader proteins.” Once recognized, the 
modification can impact downstream gene regulation. (b). The uridine isomer Ψ is 
enzymatically generated by pseudouridine synthetases, or Ψ writers. The most 
predominant Ψ writer for mRNA in mammalian cell culture is TRUB1, while PUS1, PUS7, 
and RPUSD4 also act as writers for mRNA. No Ψ eraser or reader proteins have been 
identified in humans. Once deposited on a transcript, Ψ is known to impact stability, 
splicing, and translation.  
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1.1.1 N6-methyladenosine (m6A) 

N6-methyladenosine is the most abundant internal modification in eukaryotic 

mRNA, occurring on average at 1-3 Adenosines per transcript and thus making up 0.2-0.6% 

of transcript adenosines (Meyer et al. 2012). Along with its abundance, m6A impacts nearly 

every stage of the mRNA lifecycle and is critical in development, cellular differentiation, 

and human disease (Roundtree, Evans, et al. 2017). Transcriptome-wide abundance and 

distribution of m6A are regulated by the dynamic and opposing actions of two classes of 

enzymes: methyltransferases or “writers,” including METTL3 and METTL14, and 

demethylases or “erasers,” such as ALKBH5. Once deposited on the transcript, m6A can 

impart downstream regulation following specific recognition by a class of proteins known 

as m6A “reader proteins,” (Figure 1.1). 

Characterization of m6A has been enabled and catalyzed both by advances in 

sequencing technology as well as the discovery that m6A was reversible through the action 

of demethylases (Jia et al. 2011; Zheng et al. 2013). The development of m6A-sequencing 

techniques enabled initial mapping to the transcriptome, and thus revealed over 12,000 

m6A peaks or modified regions in over 7,000 mRNA transcripts, confirming the prevalence 

of the conserved DRACH (D = A, G, or U; R = A or G, H = A, C, or U) consensus sequence, and 

demonstrated m6A enrichment both near stop codons and within long, internal exons 

(Dominissini et al. 2012; Meyer et al. 2012). Firmly establishing the regulatory role and 

mechanism of m6A and its mechanisms of action have required advances in mapping 

resolution and sequencing technology, which will be covered in greater depth in Chapter 

1.3. 
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m6A is a chemically stable modification with effects both on higher-order structures 

and energetics. The modification itself imparts a modest impact on the thermodynamic 

stability of secondary RNA structures (Kierzek and Kierzek 2003), but m6A also induces 

changes to the base-pairing landscape. This is accomplished both by its destabilization of 

Hoogsteen base-pairing (Ashraf, Huang, and Lilley 2019) and Watson-Crick pairing with 

uridine in the anti-conformation; pairing which exhibits transient exchange to a mismatch-

like conformation represents 1% of the population (B. Liu et al. 2021). 

m6A functions on mRNA stability, splicing, localization, nuclear export, and 

translation efficiency with a vital role in development and disease (Roundtree, Evans, et al. 

2017). It is the dynamic interplay of m6A levels on the transcriptome orchestrated by the 

opposing actions of writer and erasers ultimately followed by recognition through m6A-

reader proteins that imparts this breadth of regulatory function. Therefore, these three 

classes of proteins (writers, erasers, and readers) will be further detailed.  

Writers 

Deposition of m6A occurs both co- and post-transcriptionally, catalyzed by the m6A-

methyltransferase complex (MTC); this complex’s core is a heterodimer of proteins 

methyltransferase-like 3 (METTL3) and human methyltransferase-like 14 (METTL14) 

(Jianzhao Liu et al. 2014). The methyltransferase activity of the MTC is S-adenosyl 

methionine (SAM)-dependent, where SAM acts as a co-factor via donation of its methyl to 

the target adenosine. Both METTL3 and METTL14 contain an MT-A70 domain, which 

catalyzes adenosine methylation; however, METTL3 and not METTL14 were found to 

crosslink with SAM, which indicates METTL3’s essential role in the core MTC heterodimer’s 
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substrate accommodation (Bokar et al. 1997). It is within this heterodimer that METTL3 is 

active, as monomeric METTL3 is inert despite being stable in solution (Schöller et al. 2018).  

In vivo, the METTL3/METTL14 heterodimer is formed in the cytoplasm, where it is 

thought the METTL3’s nuclear localization signal enables the import of the dimer (Schöller 

et al. 2018).  Once localized in the nucleus, the complex may associate with Wilms' tumor 1-

associating protein (WTAP), which localizes the complex to nuclear speckles and assists in 

loading pre-mRNA processing factors (Ping et al. 2014). However, not every m6A-modified 

site in mRNA is dependent on WTAP, as methylation sites have been classified by WTAP 

dependence (S. Schwartz, Mumbach, et al. 2014). The METTL3/METTL14 heterodimer 

itself exhibits a sequence specificity as it has a binding motif similar to the known RRACH 

m6A consensus sequence (Dominissini et al. 2012); although, the MTC does not exhibit 

structural specificity (Jianzhao Liu et al. 2014). Knockdown of either METTL3, METTL14, or 

WTAP decreases in vivo m6A abundance, but WTAP lacks methylase activity in vitro; 

WTAP’s role in MTC localization resolves its lack of activity in vitro with its in vivo 

necessity. 

Structural analysis has shown several cofactor binding sites in METTL3 are not 

conserved with METTL14, explaining SAM’s preferential interaction with METTL3. 

METTL3 has the essential SAM binding residue D395 (Xiang Wang et al. 2016) in a catalytic 

DDPW motif within METTL3’s greater catalytic loop not found in METTL14. Additionally, 

the essential DDPW motif W398 of METTL3 is thought to 𝜋-𝜋 stack with the m6A-modified 

site, which increases the energetic favorability of methylation (Śledź and Jinek 2016). In 

contrast, METTL14 acts to stabilize the complex and increase affinity for SAM. METTL14 

contains C-terminal Arginine-Glycine-Glycine (RGG) repeats, whose deletion abolishes the 
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catalytic activity of the METTL3/14 heterodimer (Schöller et al. 2018). While METTL14 

does not contain the catalytic DDPW motif of METTL3, it is essential in the stabilization of 

METTL3, increasing complex affinity for SAM, and it energetically favors binding to the 

RNA substrate.  

While METTL3, METTL14 and WTAP are the most well-studied m6A writers, other 

proteins are also involved in the modification’s installation in mRNA. KIAA1429, or vir-like 

m6A methyltransferase-associated protein (VIRMA), is an additional methyltransferase 

complex component that interacts with WTAP and whose knockdown decreases transcript 

m6A abundance (S. Schwartz, Mumbach, et al. 2014). METTL16 plays a comparatively 

minimal role, known only to act in SAM metabolism through modification of human SAM 

synthetase-encoding MAT2A transcripts; rather, METTL16’s primary role is in methylation 

of the U6 spliceosomal small nuclear RNA (snRNA) (Pendleton et al. 2017). RNA-binding 

protein 15 (RBM15) interacts with RNA near m6A-sites and is thought to recruit the 

METTL3/METTL14 heterodimer to its bound site, itself then integrated into the larger 

methyltransferase complex (Patil et al. 2016). Additionally, unique writers are found for 

noncoding RNA, including rRNA writers METTL5 and ZCCHC4 (Boulias and Greer 2023). 

Erasers 

Chemical modifications of RNA were initially believed to be irreversible, where the 

modification state was solely representative of the static action of a writer. While 

modification of rRNA by m6A writers is still thought to be irreversible, the demonstration 

of m6A’s dynamic reversibility within mRNA transcripts revolutionized the collective 

understanding of the RNA modification landscape. The first m6A demethylase or “eraser” 

discovered was fatty mass and obesity associated protein (FTO), which provided vital proof 
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of m6A’s reversibility and suggested possible generalized reversibility of mRNA 

modifications as a whole (Jia et al. 2011). FTO has been suggested to regulate alternative 

splicing and 3’ processing (Bartosovic et al. 2017), and generates two potentially functional 

intermediates during its oxidation of m6A in N6-hydroxylmethyladenosine (hm6A) and N6-

formyladenosine (f6A) (Y. Fu et al. 2013). Additionally, FTO has been shown to oxidize 

m6Am, expanding the diversity of the enzyme’s substrates (Mauer et al. 2019). FTO is 

associated with body mass regulation in mice (Church et al. 2009, 2010), adipogenesis 

(Zhao et al. 2014), as is a known oncogene both in leukemia (Zejuan Li et al. 2017; Su et al. 

2018) and glioblastoma (Cui et al. 2017).  

Soon after the characterization of FTO, AlkB family member 5 (ALKBH5) was 

discovered -- a second Fe(II)- and α-ketoglutarate-dependent dioxygenase (Zheng et al. 

2013). ALKBH5 prefers a consensus sequence, suggesting sequence specificity of its m6A-

demethylation activity compared to the broad activity of FTO. Like FTO, the importance of 

ALKBH5 has been demonstrated in cellular functions such as the nuclear export of mRNA. 

ALKBH5 is important developmentally; in mice, it is implicated both in mouse 

spermatogenesis and fertility (Zheng et al. 2013). Overexpression of ALKBH5 is required 

for glioblastoma stem cell proliferation and tumorigenesis and is a poor predictor of 

patient survival (Zhang et al. 2017).  

Reader Proteins 

While m6A abundance is co-transcriptionally regulated through the opposing 

actions of writers and erasers, the modification imparts functionality via recognition by a 

specific class of RNA binding proteins known as m6A-reader proteins. Three classes or 
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types of m6A-reader proteins have currently been identified, each classified by a distinct 

m6A-recognition mechanism described below.  

 

Class I  
YTH-domain family of proteins make up the first class of reader proteins, defined by 

direct recognition of m6A-sites through their conserved, structured YT521-B homology 

(YTH)-domains. In humans, this family consists of proteins YTH domain family 1-3 

(YTHDF1-3) and YTH domain-containing 1 and 2 (YTHDC1-2). YTH-family proteins are 

primarily localized to the cytosol, with YTHDC1 being the sole primarily nuclear-localized 

member (Roundtree, Evans, et al. 2017; Zhou and Pan 2018). 

The YTH-domain itself displays specificity for m6A-modified RNA than 

unmethylated RNA, with a binding dissociation constant to m6A roughly 5- to 20-fold 

stronger than to the unmethylated nucleotide with variation due to sequence context  (Xu 

et al. 2014; Patil et al. 2016). Multiple crystal structures of the YTH-domain of different 

YTH-family members both bound and unbound to m6A-modified RNA have been published, 

revealing analogous mechanisms for the specific recognition of m6A through two conserved 

tryptophan residues (Xu et al. 2014; Zhu et al. 2014). Studies have also suggested YTHDC1 

and YTHDF1-3 bind directly to m1A in RNA through their conserved YTH domain (X. Dai et 

al. 2018). In chapter 3, I present work that the YTH-domain of YTHDC1 is also capable of 

interacting with the C-terminal domain of RNA Polymerase II.  

YTHDF1-3 are cytoplasmic localized m6A reader proteins involved in m6A-

dependent gene regulation. YTHDF1 has been shown to upregulate translation, YTHDF2 to 

promote transcript decay, and YTHDF3 to enhance both translation and transcript decay. 
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(Xiao Wang et al. 2015, 2014; A. Li et al. 2017). By contrast, the nuclear m6A-reader protein 

YTHDC1 functions accordingly upstream; YTHDC1 is involved in regulatory events 

including pre-mRNA processing and transcription in the nucleus (Kasowitz et al. 2018; Lee 

et al. 2021; N. Liu et al. 2017), pre-mRNA splicing (Xiao et al. 2016a), and stability of 

chromatin-associated RNAs (Jun Liu et al. 2020). Additionally, YTHDC1 is known to form 

membrane-less subnuclear complexes known as “YT-bodies,” implicated in pre-mRNA 

processing (Rafalska et al. 2004).  

The Class I YTH-family reader proteins are of significant interest in both human 

disease and development. In a variety of cancers, they have been implicated in nearly every 

step of disease progression and tumorigenesis (T. Liu et al. 2020; Bai et al. 2019; R. Shi et 

al. 2021). The ubiquity of their involvement in cancer leads to the proposal of YTHDF1 as a 

pan-cancer biomarker (J. Hu et al. 2021). YTHDF proteins are also part of an essential 

learning and memory pathway in Drosophila (Kan et al. 2021), while YTHDF2 is 

additionally involved in hematopoietic stem cell expansion (Zhenrui Li et al. 2018). In mice 

development, development, nuclear Class I reader protein YTHDC1 regulates alternative 

splicing and polyadenylation of developing oocytes (Kasowitz et al. 2018) and regulates 

LINE1 RNA scaffold function in ESCs and early embryos (C. Chen et al. 2021).  

Class II 
The second class of m6A reader proteins recognizes their substrate through an 

“m6A-switch” mechanism. Here, the accessibility of the reader protein’s binding motif is 

subject to m6A-dependent structural regulation, where the binding motif itself may or may 

not contain the m6A moiety (N. Liu et al. 2017, 2015). Class II m6A reader proteins include 
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heterogeneous nuclear ribonucleoproteins (hnRNPs) hnRNPC, hnRNPG, and possibly 

hnRNPA2b1.  

Broadly, hnRNPs are critical in pre-mRNA regulation, including as splicing factors. 

hnRNPs can act as scaffolds, recruiting RNAs and assembling higher-ordered structures 

crucial for gene expression, demonstrated by their necessity in stem cell self-renewal and 

differentiation (Xie et al. 2021). hnRNPs are implicated in various stages of cancer 

development, and have been investigated as a potential pan-cancer diagnostic tool (Hao Li 

et al. 2020); for example, hnRNPC mediates m6A-dependent alternative splicing in 

pancreatic ductal adenocarcinoma (X.-T. Huang et al. 2021) and also regulates alternative 

cleavage and polyadenylation in metastatic colon cancer (Fischl et al. 2019).  

hnRNPG, also known as RBMX, recognizes m6A-modified RNA through Arg-Gly-Gly 

(RGG) motifs embedded in its low-complexity body (N. Liu et al. 2017).  Two regions within 

this low-complexity body contain RGG motifs, designated RGG1 and RGG2. The RGG2 

region has been previously reported as responsible for interacting with splicing factor 

hTra2-β1 (Hofmann and Wirth 2002; Kanhoush et al. 2010). Chapter 2 of this thesis 

demonstrates, to our knowledge, the first interaction between RGG-regions and RNA 

Polymerase II in its study of hnRNPG. Additionally, chapter 2 addresses co-transcriptional 

m6A-dependent regulation of alternative splicing by class II reader hnRNPG and acts to 

expand known interactions and functions of class II reader proteins.  

Class III 
Class III m6A-reader proteins refer to proteins that use common RNA-binding 

domains and their flanking regions to specifically recognize m6A-modified RNA (Zhou and 

Pan 2018).  Insulin-like growth factor-2 mRNA-binding proteins 1, 2, and 3 (IGFBP1-3) 
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were identified as putative m6A-reader proteins that bind m6A-modified RNA at consensus 

GG(m6A)C motifs (H. Huang et al. 2018). Once bound, the IGF2BPs are thought to stabilize a  

broad class of transcripts, thereby opposing the function of Class I m6A reader protein 

YTHDF2  (H. Huang et al. 2018; Xiao Wang et al. 2014). Additionally, IGF2BPs are oncogenic 

and upregulated in most cancers; in the case of renal cell cancer tumorigenesis, their 

expression is driven by transcription factor EGR2 (Ying et al. 2021) 

IGF2BP1-3 each contain two RNA Recognition Motifs (RRMs) and four hnRNPK-

homology (KH) domains (H. Huang et al. 2018); KH-domains are among the most abundant 

RNA binding proteins in the human proteome, present in proteins such as hnRNPK 

(Valverde, Edwards, and Regan 2008). Accordingly, the KH-domains of the IGF2BPs impart 

binding specificity towards several transcripts (Bell et al. 2013). However, the role of the 

IGF2BPs’ KH-domains expands beyond the canonical function of these domains in sequence 

specificity, as they have additionally been shown responsible for specificity towards the 

m6A modification itself (H. Huang et al. 2018). It is this specificity in binding mediated 

through a common binding motif which alone does not bind m6A, like the KH-domain (H. 

Huang et al. 2018), that differentiates Class III reader proteins from Class I, who have YTH-

domains which alone are sufficient for direct m6A-binding. While the exact mechanism of 

m6A-binding by the IGF2BPs has yet to be definitively proven, hydrophobic residues in the 

IGF2BPs KH-domain and the surrounding regions may help offset the solvation penalty 

imposed by deposition of the hydrophobic m6A moiety and thus drive-forward their 

interaction (Roundtree, Evans, et al. 2017).  
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1.1.2 Pseudouridine (Ψ) 

Identified in 1951 (COHN and VOLKIN 1951), among the first ten modifications 

observed sequencing the first human biological RNA sample (HOLLEY et al. 1965), and the 

most abundant post-transcriptional modification, pseudouridine (Ψ) is perhaps now best 

known for its part of both Pfizer-BioNTech and Moderna Therapeutics COVID-19 vaccines. 

These vaccines contain Ψ derivative N1-methyl-pseudouridine modified mRNA, which 

seemingly increased efficacy relative to the unmodified CVnCoV mRNA vaccine (Morais, 

Adachi, and Yu 2021). This efficacy is thought partially explained by the enhanced 

translational capacity of Ψ as part of a non-immunogenic vector (Karikó et al. 2008). 

Outside of its use in vaccines, Ψ is found in such abundance that it has been described as 

“the fifth RNA nucleotide,” (X. Li, Ma, and Yi 2016). This abundance is owed to Ψ’s high 

enrichment both in tRNA and rRNA and to it being the second most abundant internal 

mRNA modification (S. Huang et al. 2021). Structurally, Ψ has an extra hydrogen bond 

when compared to uridine which can stabilize higher-order structures in transcripts 

(Kierzek et al. 2014).  

Ψ is “written” through the actions of both RNA-dependent and RNA-independent 

pseudouridine synthases, which can install the modification in coding and non-coding RNA 

through isomerization of uridine (Hamma and Ferré-D’Amaré 2006).  RNA-dependent 

writers are guided by H/ACA small nucleolar ribonucleoproteins (snoRNPs) to their target; 

in humans, RNA-dependent DKC1 relies on snoRNPs for localization to rRNA and snRNP 

targets (N. J. Watkins et al. 1998; Garus and Autexier 2021). Pseudouridinylated snRNPs 

then act in DKC1-dependent alternative splicing (Garus and Autexier 2021), demonstrating 

the importance of Ψ in splicing. Additionally, DKC1 has been studied as it relates to health 
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and disease; the protein is associated with nucleolar prominence and is a predictor of a 

poor breast cancer prognosis (Elsharawy et al. 2020).   

RNA-independent or “stand-alone” Ψ writers are further divided by family, largely 

defined by homology with bacterial TruA, TruB, TruD, and RluA proteins (Hamma and 

Ferré-D’Amaré 2006). These Ψ writers include pseudouridine synthase (PUS) enzymes 

which can exhibit both sequence and structural specificity. Human PUS enzymes 

dynamically act on uridine not only in cytosolic and mitochondrial tRNA,  but also within 

mRNA transcripts; such activities act in response to the environment (Carlile et al. 2014; 

Lovejoy, Riordan, and Brown 2014; S. Schwartz, Bernstein, et al. 2014). Human TruA family 

members include PUS1, PUSL1, and PUS3, human TruB family members include DKC1, 

TRUB1, and TRUB2, human PUS10 is a member of the Pus10 family, while human RPUSD1-

4 are members of the RluA family (Table 1.1.2).  

While the majority of Ψ writers act on rRNA and tRNA, four human Ψ writers (PUS1, 

TRUB1, PUS7, and RPUSD4) have been shown to act on mRNA substrates (Martinez et al. 

2022); the functional significance of these Ψ mRNA writers has been demonstrated 

through observed regulation of alternative splicing by Ψ PUS1, PUS7 and RPUSD4 

(Martinez et al. 2022). However, it has been shown that the predominant Ψ writer for 

mRNA in mammalian cell culture is TRUB1 with the second dominant writer being PUS7 

(Safra et al. 2017). Chapter 5 of this thesis investigates TRUB1, demonstrating its 

importance in regulating translation and crosstalk with m6A.   

Unlike m6A, no Ψ eraser has currently been identified. Ψ contains a stable C-C 

glycosidic bond, which thus reduces even the energetic favorability of non-enzymatic 

reversibility. There are no known Ψ reader proteins in humans, with the only suggested 
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reader protein being Prp5 RNA helicase in yeast (Wu et al. 2016).  Interestingly, RNA 

containing known Ψ sites are enriched in binding to yeast methionine tRNAMet synthetase 

(MetRS); it has been suggested, as this enrichment is analogous to reader proteins and 

their substrate, MetRS acts as a sort of Ψ reader  (Levi and Arava 2021). Regardless, no Ψ 

reader has been identified in mammals.  

While predominately studied as it relates to immunology, Ψ has additional 

implications on human health, both with regard to its potential as a diagnostic tool, and 

given its involvement in several cancers and diseases (Cerneckis et al. 2022). Additionally, 

Ψ within mRNA has been suggested to affect translation in vitro (Eyler et al. 2019) and in 

yeast (Levi and Arava 2021). Chapter 5 of this thesis details Ψ’s involvement in regulating 

translation in human HEK293T cell culture, in addition to its crosstalk with m6A on 

translation efficiency and modification concurrence.   
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Gene Family Mechanism Localization Target Target Sequence 

PUS1 TruA Stand-alone 
Mitochondria, 

Nucleus 
tRNA, 
mRNA  

PUSL1 TruA Stand-alone Mitochondria tRNA  

PUS3 TruA Stand-alone 
Cytoplasm, 

Nucleus tRNA  

DKC1 TruB 
H/ACA Box 

sno-RNP Nucleus 
rRNA, 
snRNA  

TRUB1 TruB Stand-alone 

Nucleus, 
Cytoplasm, 

Mitochondria 
tRNA, 
mRNA GUΨYNANNC 

TRUB2 TruB Stand-alone 
Mitochondria, 

Nucleus tRNA  

PUS7 TruD Stand-alone Nucleus 
rRNA, 
mRNA UNΨAR 

PUS7L TruD Stand-alone Nucleus rRNA  

PUS10 Pus10 Stand-alone 

Nucleus, 
Mitochondria, 

Cytosol tRNA  

RPUSD1 RluA Stand-alone Cytosol 
tRNA, 
rRNA  

RPUSD2 RluA Stand-alone 
Nucleus, 

Mitochondria tRNA  

RPUSD3 RluA Stand-alone 
Mitochondria, 

Nucleus tRNA  

RPUSD4 RluA Stand-alone 
Mitochondria, 

Nucleus 

tRNA, 16S 
rRNA, 
mRNA  

Table 1.1.0.2 The Human Genome Encodes 13 Ψ Writers. The 13 Ψ writers in the 
human genome (X. Li, Ma, and Yi 2016) are defined by their family and relation to known E. 
Coli Ψ writers. Five human Ψ writers, PUS1, TRUB1, PUS7, and RPUSD4 have been shown 
to act on mRNA substrates (Martinez et al. 2022) with TRUB1 being the dominant writer 
for mRNA in mammalian cell culture (Safra et al. 2017). 
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  1.2 tRNA processing 

Noncoding RNA (ncRNA) makes up 90% of cellular RNA, with the most abundant 

member of this class being transfer RNA (tRNA) (Phizicky and Hopper 2010). tRNA is an 

adapter connecting genetic information embedded in the mRNA triplet code to protein 

production; as such, tRNA represents a pivotal target for the regulation of translation. This 

regulation of tRNA is achieved at the level of expression, charging, and modification (C. P. 

Watkins et al. 2022). Before translation, the tRNA acceptor stem 3’ CCA end of the tRNA is 

aminoacylated, or charged, with its cognate amino acid through the regulated action of 

aminoacyl-tRNA synthetases. The anticodon loop of tRNA accordingly contains the 

anticodon at positions 34, 35, and 36, which pairs with the mRNA codon in the ribosome A-

site during translation. The charged tRNA is then able to provide an amino acid to the 

nascent polypeptide chain, thereby decoding the mRNA (Phizicky and Hopper 2010; 

Tsutomu Suzuki 2021).  

Owing to their small size, structure, and heavily modified body, sequencing tRNA 

and simultaneously measuring its characteristic properties of abundance, charging, 

modification, and fragmentation has been challenging. My group established multiplex-

small RNA sequencing (MSR-seq), a method for sequencing small RNAs, including tRNAs, 

which has dramatically increased datasets detailing tRNA properties we can 

simultaneously collect, thus motivating the study herein. Chapter 4 of this thesis details a 

preliminary bioinformatic survey of tRNA processing’s dependence on the mRNA 

modification landscape.   
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1.3.1 tRNA biogenesis 

 Transcription of tRNA is performed by RNA Polymerase III in humans, which 

transcribes a precursor pre-tRNA. This precursor contains a 5’-leader processed by RNase 

P and a 3’-trailer removed by RNase Z. Additionally, the pre-tRNA is modified by the 

addition of a universal 3’-CCA by TRNT1. Some tRNAs contain introns in the anticodon loop 

which are processed by the tRNA splicing endonuclease (TSEN) complex, a complex that 

facilitates interactions with processing enzymes further downstream (Phizicky and Hopper 

2010). Mature tRNA are classified by the amino acid present at the universal 3’-CCA, and 

then further by the sequence variation in either their codon (isoacceptors) or in their 

sequence outside of the codon (isodecoders); regulation of tRNA isoacceptor and 

isodecoder abundance ensures proper gene expression.  

Human mitochondria encode their own set of 22 mitochondrial tRNAs (mt-tRNA) 

which are processed independently of human tRNA (Takeo Suzuki et al. 2020). 

Mitochondrial tRNA are generally processed similarly to bacterial tRNA, flanked as part of a 

polycistronic transcript. This polycistronic transcript is processed at the 5’ end by RNase 

and at its 3’-end by mitochondrial RNase Z. Both mitochondrial and nuclear RNase Z is 

derived from the same gene (Rossmanith 2012), localization of human RNase ZL being 

isoform-dependent (Rossmanith 2011). Interestingly, expression of RNase ZL is decreased 

in cells lacking mitochondrial DNA, suggesting crosstalk between the mitochondrial 

genome and human RNase ZL (Mineri et al. 2009). Similar to human cytosolic tRNA, mt-

tRNA is heavily modified, including modifications unique to mitochondria (Rossmanith 

2012). 
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1.3.2 Chemical modifications in tRNA 

Chemical diversity imparted by modification critically expands tRNA’s function. 

Human tRNA contains 13 chemical modifications on average, which fine-tune many tRNA 

properties including stability, localization, and folding (C. P. Watkins et al. 2022). Chemical 

modifications are often encountered in the third codon position of the tRNA anticodon, or 

the “wobble” position. Whereas the first two anticodon positions pair canonically, position 

three accommodates non-Watson-Crick interactions, or wobble pairing; wobble pairing 

expands the ability of tRNA to decode the triplet code via the tRNA anticodon. In the case of 

wobble inosine (I34), the nucleotide whose presence helped define the original wobble 

hypothesis (Crick 1966), decoding is expanded to read C, U, and A. For wobble uridine 

(U34), the site is often modified to various derivatives of 5-methyluridine (m5U) (Tsutomu 

Suzuki 2021). Unmodified U34 decodes all four partner nucleotides through wobble 

pairing, whereas m5U34 derivatives restrict decoding to codons containing A or G at the 

third position. Ribosome complex crystal structures have further supported the importance 

of m5U34 derivates in cognate pairing (Kurata et al. 2008). Whereas m5U derivatives 

restrict the decoding of U34 tRNA, chemical modification of wobble A34 and C34 tRNA 

expands decoding: for instance, in the cases of human A-to-I editing at A34 and C-to-f5C 

conversion in mitochondrial tRNA (Tsutomu Suzuki 2021). 

 Modifications in tRNA are dynamic and have been shown to respond to the 

environment. For instance, abundance of methyl-3-cytosine (m3C) at the wobble position 

(m3C32) and in the variable loop (m3C47D) is coordinated following either heat or arsenite 

stress (C. P. Watkins et al. 2022). Furthermore, the guanosine derivative queuosine (Q) at 

the wobble position (Q34) has demonstrated nutritional-dependence (Tuorto et al. 2018), 
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taurine modifications τm5U34 and τm5s2U34 are accordingly taurine-dependent (Shu et al. 

2020), and threonylcarbamoyladenosine (t6A37) is sensitive to CO2 (Lin et al. 2018). 

Chapter 4 of this thesis discusses the effect of m6A writers and readers on tRNA 

modifications, specifically m3C and m5U derivatives.  
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1.3 Sequencing of RNA modifications 

The discovery of RNA modifications predated the technology required for its 

functional characterization. Appreciation of mRNA modifications’ regulatory function has 

only been afforded by continuous development and refinement of techniques which map 

these modifications to the transcriptome. Chapter 5 of this thesis describes new 

development in detection of mRNA modifications by direct sequencing, thereby enabling 

study of crosstalk between these modifications.  

 

1.3.1. Antibody-based next-generation sequencing of m6A 

Immunoprecipitation-based techniques were the first breakthrough for high-

throughput mapping of RNA modifications; the initial 100-nucleotide resolution mapping 

of m6A sites (Dominissini et al. 2012; Meyer et al. 2012) was further refined by coupling to  

chemical or photo-crosslinking, which achieves near single-base resolution and thus allows 

specific identification of modified sites (K. Chen et al. 2015; Linder et al. 2015). These cross 

linking immunoprecipitation (CLIP)-based approaches were further expanded in 

techniques like m6A-LAIC-seq, which aims to produce stoichiometric quantifications of 

modified-to-unmodified transcripts in a sample (Molinie et al. 2016). 

While MeRIP-seq approaches have greatly expanded understanding of m6A, 

coupling high-throughput sequencing to immunoprecipitations brings the inherit 

challenges of any antibody-based methodology to sequencing. The ideal antibody binds its 

antigen with high affinity and selectivity; however, the necessity of sterically accessible 

epitope for both affinity and selectivity precludes antibody-based techniques to reach this 
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ideal. In practice, antibodies have limited sensitivity and are prone to artifacts from non-

specific interactions. In the case of application to m6A-seq, sites mapped are often 

independent of core m6A methyltransferase complex components (Helm and Motorin 

2017). Regardless of these limitations, MeRIP-based approaches have been the most 

widespread method for sequencing m6A.  

1.3.2. Antibody-free next-generation sequencing of m6A 

Given the disadvantages of antibody-based methodology, several antibody-free 

methods for sequencing and mapping m6A have been developed. MAZTER-seq and m6A-

ref-seq take advantage of endoRNases MazF and ChpBK to cut unmethylated RNA at ACA or 

UAC motifs with specificity over methylated motifs (Garcia-Campos et al. 2019; H.-X. Chen 

et al. 2022). MAZTER-seq is highly specific and requires comparatively little input, but its 

ACA-specificity limits application to 16% of mapped mammalian m6A sites (Garcia-Campos 

et al. 2019).  

Chemical labeling has also been used to increase m6A mapping resolution. DART-seq 

takes advantage of the YTH-domain’s ability to specifically interact with m6A-modified RNA 

by fusing the domain to cytidine deaminase APOBEC1. This enables localization of 

APOBEC1 to YTH-bound m6A-sites, thereby inducing a nearby C-to-U deamination 

signature near the bound site. Furthermore, DART-seq is compatible with long-read RNA-

sequencing and thus distinguishes itself from methods solely compatible with short-read 

next-generation sequencing (Meyer 2019). 

Metabolic labeling techniques have been developed for further specificity and 

quantification. m6A-SEAL-seq uses oxidation by FTO for biotin-labeling with modified DTT. 



 

23 
 

This adduct enables streptavidin pulldown and downstream sequencing (Y. Wang et al. 

2020). Another metabolic labeling approach is m6A-label-seq, where cells are fed SAM 

analogue Se-allyl-L-selenohomocysteine, which leads to the generation of N6-

allyladenosine (a6A) at m6A-sites (Shu et al. 2020). Selective labeling techniques have also 

further enable quantification of m6A stoichiometry in m6A-SAC-seq (L. Hu et al. 2022).  

1.3.3. Chemical sequencing of pseudouridine (Ψ) 

 Chemical-based methods have historically been used while sequencing Ψ, 

commonly employing N-cyclcohexyl N’-(2; morpholinoethyl) carbodiimide (CMC). CMC acts 

on Ψ, uridine, and guanosine, but the CMC-Ψ adduct, formed at the N3 position of Ψ, has 

alkaline hydrolysis resistance specific for this product. This can be taken advantage of 

during reverse transcription, as termination occurs one nucleotide adjacent to the CMC-Ψ 

adduct (S. Schwartz, Bernstein, et al. 2014; X. Li et al. 2015; Carlile et al. 2014). While CMC-

seq has been critical in advancing study of Ψ, there has been discrepancies between 

independent Ψ mapping datasets; for instance, one comparison of CMC-seq Ψ mapping 

showed only 13 overlapping sites. Additionally, CMC-seq maps only a small amount of Ψ 

residues identified by LC-MS/MS. Detection and enrichment has been improved through 

methods like the azide-modified CMC-based CeU-seq, but resolution and stoichiometric 

information is still limited (X. Li et al. 2015). 

 Quantitative, transcriptome-wide mapping of Ψ was improved by the development 

of bisulfite-induced deletion sequencing (BID-seq), which accordingly reads deletion 

signature induced by bisulfite treatment. BID-seq provides stoichiometric information on 

the fraction of transcripts modified at a particular site (Q. Dai et al. 2023). This 
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stoichiometric information further supported TRUB1 as the dominant Ψ writer of the 13 

identified Ψ mRNA writers (Q. Dai et al. 2023; Safra et al. 2017). Additionally, BID-Seq has 

revealed previously unidentified Ψ sites within mammalian mRNA stop codons (Q. Dai et 

al. 2023).  

1.3.4 Long-read sequencing 

Next-generation sequencing approaches historically sequence short read fragments, 

typically within the range of 25-300 bps. Short-read sequencing techniques have been 

instrumental in mapping sites of chemical modifications through the transcriptome and 

gaining insight into the modification landscape, but these sequencing techniques are not 

without limitation. Samples are digested and amplified during preparation, causing a loss 

of relative location and biasing reads for those preferentially amplified. A particular case-

study of the difficulty of short-read sequencing is sequencing structural variation due to 

genomic repeats in DNA.  Inaccuracies are abundant when aligning reads from elements of 

high structural variation resulting from this region of inaccessibility 

(Ho, Urban, and Mills 2020).  Thus, mapping of centromeres, telomeres, and other arrays of 

tandem repeats has been limited when using short-read DNA sequencing approaches; 

likewise, higher-order structure in RNA limits accessibility during sequencing. When 

applied to RNA, the digestion step additionally limits mapping of splice isoforms, 

insertions, and multiple chemical modifications within the same transcript.  

By contrast, long-read sequencing is the continuous sequencing of a single stretch of 

nucleotides, ranging from 1000 bp – 4 Mbp for DNA. In the example of genomic structural 

variation, long-read sequencing greatly enhanced their mapping (Ho, Urban, and Mills 
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2020; Chaisson et al. 2019), and even revealed preliminary population-scale variations in 

height, cholesterol, and anemia in these regions (De Coster, Weissensteiner, and Sedlazeck 

2021). As of now, the two major long-read sequencing platforms are Oxford Nanopore 

Technology (ONT) PromethION and Pacific Biosciences (PacBio) high fidelity (HiFi), both 

methods do not require amplification of the nucleic acid inputs, in contrast to NGS 

approaches.  

 

PacBio HiFi  

 PacBio HiFi, or single-molecule real-time (SMRT) sequencing uses a “SMRTbell,” – a 

circular DNA molecule template containing a dsDNA insert flanked by hairpin adapters to 

sequence the DNA by fluorescent dNTP and measurement of emission following laser 

excitation of the fluorophore incorporation within a SMRT cell (Logsdon, Vollger, and 

Eichler 2020). Notably, PacBio long-read sequencing relies on DNA Polymerase and 

circularized DNA and is thus incompatible with direct RNA sequencing. However, full-

length RNA can be sequenced indirectly by PacBio via “Iso-Seq,” a cDNA synthesis and PCR 

amplification-based approach. (Au et al. 2013; Logsdon, Vollger, and Eichler 2020). In such 

an approach, the lack of compatibility with native RNA molecules loses direct modification 

information. PacBio DNA sequencing yields reads shorter than those from Nanopore 

platforms at 15-20 kbp, but its reads map with higher accuracy (Logsdon, Vollger, and 

Eichler 2020).  

Oxford Nanopore Technology  

Oxford Nanopore Technology immediately distinguishes itself from PacBio 

sequencing by direct sequencing compatible with both DNA and mRNA of both cDNA and 
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mRNA molecules. Nanopore sequencing platform PromethION can produce DNA reads of 

up to 4 Mbp (Payne et al. 2019). Nanopore sequencing works by attachment of the nucleic 

acid to an adapter loaded in motor proteins, allowing the proteins to unwind the nucleic 

acid to single-stranded form as electrical current drives it through the nanopores 

imbedded in the flow cell membrane. A given nucleotide and its neighbors generate 

characteristic change in current when being translocated through the pore due to their 

unique shape; the change in current through time can be analyzed in real-time and 

deconvoluted into sequencing information (Oikonomopoulos et al. 2020).     

The ONT nanopore platform was used to directly sequence native RNA first in 2018, 

demonstrating reading of unmodified bases, m6A, and m5C in RNA and later for m7G and Ψ 

(Chaisson et al. 2019; Smith et al. 2019; S. Huang et al. 2021). Direct mapping of 

modifications via nanopore is not limited by epitope binding as in antibody-based 

approaches, nor does it rely on chemical treatment which may lead to an abundance of 

false positives and negatives (S. Huang et al. 2021). The long reads afforded by nanopore 

sequencing further enables mapping of modifications within a single transcript, thus 

providing more detailed mapping in instances such as within splice isoforms. Learning-

based approaches for detection of modifications as part of native nanopore sequencing 

have enabled increasingly precise mapping using assorted variables deciphered from 

training data (S. Huang et al. 2021). Chapter 5 of this thesis details NanoSPA, a nanopore 

based approach for the simultaneous, direct sequencing of m6A and Ψ as part of a single 

transcript, demonstrating crosstalk between these two modifications on translation and 

their concurrence.   
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Chapter 2 

Development of a biochemical assay to demonstrate low-complexity 

m6A-reader protein hnRNPG simultaneously binds phosphorylated CTD 

of RNAPII and RNA 

Acknowledgement: This chapter is derived from an article published in Molecular Cell by 

Elsevier(Zhou et al. 2019). The authors in that article were: Katherine I. Zhou, Hailing Shi, 

Ruitu Lyu, Adam C. Wylder, Zaneta Matuszek, Jessica N. Pan, Chuan He, Marc Parisien, and 

Tao Pan. Author contributions: Conceptualization, K.I.Z. and T.P.; Methodology, K.I.Z., H.S., 

and T.P.; Software, M.P. and R.L.; Formal Analysis, K.I.Z., R.L., and M.P.; Investigation, K.I.Z., 

H.S., A.C.W., Z.M., and J.N.P.; Writing – Original Draft, K.I.Z.; Writing – Review & Editing, 

K.I.Z., H.S., C.H., M.P., and T.P.; Supervision, C.H. and T.P. 

 

2.1 Introduction 

The carboxy-terminal domain (CTD) of RNA polymerase II (RNAPII) plays a crucial 

role coordinating co-transcriptional processes with transcription (Bentley 2014). The CTD 

is composed of tandem heptad repeats that undergo various post-translational 

modifications, including phosphorylation of Ser5 by cyclin-dependent kinase 7 (CDK7) 

during promoter escape, and phosphorylation of Ser2 by CDK9 upon promoter-proximal 

pause release (Harlen and Churchman 2017). The various phosphorylation states of the 

CTD coordinate co-transcriptional processes with the stages of transcription:  
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Ser5 phosphorylated CTD (S5P-CTD) recruits 5′ capping factors at the 5′ end of the gene; 

Ser2 phosphorylated CTD (S2P-CTD) recruits constitutive splicing factors in the gene body 

and 3′ cleavage and polyadenylation factors at the 3′ end of the gene (Hsin and Manley 

2012). While the CTD also contributes to alternative splicing, few alternative splicing 

factors are known to directly interact with the CTD (Muñoz, de la Mata, and Kornblihtt 

2010; Kornblihtt et al. 2013). Although alternative splicing factors have been proposed to 

regulate splicing by modulating RNAPII pausing (Kornblihtt et al. 2013), previous studies 

have primarily examined this mode of splicing regulation at the transcriptome or 

interactome level (Ip et al. 2011; Shukla et al. 2011) and have not yet elucidated precise 

molecular mechanisms. 

m6A is deposited co-transcriptionally (Knuckles et al. 2017; Louloupi et al. 2018) 

and depletion of m6A readers YTHDC1, hnRNPC, hnRNPG, and hnRNPA2B1 leads to 

changes in transcriptome-wide alternative splicing patterns(Kasowitz et al. 2018; N. Liu et 

al. 2015, 2017; Patil et al. 2016; Xiao et al. 2016b; Alarcón et al. 2015) with hnRNPG and 

YTHDC1 knockdown having the largest effects on alternative splicing. Recently, the extent 

to which m6A functions in mRNA splicing has been called into question based on the low 

abundance of m6A in introns within chromatin-associated mRNA (Ke et al. 2017). However, 

an independent study identified a much higher abundance of m6A in nascent RNA 

(Louloupi et al. 2018). These conflicting results on the function of m6A can be resolved by 

elucidating the concrete mechanisms behind m6A-dependent regulation of alternative 

splicing. 

Heterogeneous nuclear ribonucleoprotein G (hnRNPG) is an m6A reader protein that 

binds RNA through RRM and Arg-Gly-Gly (RGG) motifs. Here, we show that hnRNPG 
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directly binds to the phosphorylated carboxy-terminal domain (CTD) of RNA polymerase II 

(RNAPII) using RGG motifs in its low-complexity region. Through interactions with the 

phosphorylated CTD and nascent RNA, hnRNPG associates co-transcriptionally with 

RNAPII and regulates alternative splicing transcriptome wide. m6A near splice sites in 

nascent pre-mRNA modulates hnRNPG binding, which influences RNAPII occupancy 

patterns and promotes exon inclusion. Our results reveal an integrated mechanism of co-

transcriptional m6A-mediated splicing regulation, in which an m6A reader protein uses RGG 

motifs to co-transcriptionally interact with both RNAPII and m6A-modified nascent pre-

mRNA to modulate RNAPII occupancy and alternative splicing. 

The hnRNPG (also known as RBMX) protein is unique among known m6A reader 

proteins in that it uses Arg-Gly-Gly (RGG) motifs in a low-complexity region to selectively 

bind m6A-modified RNA (N. Liu et al. 2017). The low-complexity sequence of hnRNPG 

includes two regions each containing three RGG motifs (RGG1 and RGG2). RGG regions are 

among the most common RNA-binding domains (Gerstberger, Hafner, and Tuschl 2014) 

and tend to exhibit degenerate specificity for RNA (Ozdilek et al. 2017; Thandapani et al. 

2013). In addition, RGG regions can function in protein-protein interactions (Thandapani et 

al. 2013). The RGG2 region of hnRNPG functions both in the selective binding of hnRNPG to 

m6A-modified RNA (N. Liu et al. 2017) and the interaction of hnRNPG with the splicing 

factor hTra2-β1 (Hofmann and Wirth 2002; Kanhoush et al. 2010). The function of the 

RGG1 region of hnRNPG has not yet been elucidated. To our knowledge, no RGG region has 

previously been shown to interact directly with RNA polymerase II. 

Here, we investigate how the CTD of RNAPII, the RGG regions of hnRNPG, and m6A 

modification of nascent mRNA act together to regulate alternative splicing. We identify an 
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m6A-mediated mechanism for alternative splicing regulation, in which the co-

transcriptional interactions of hnRNPG simultaneously with RNAPII CTD and with nascent 

RNA influence RNAPII occupancy and affect exon inclusion. Through development of a 

biochemical assay for studying low-complexity protein interactions, we demonstrate a 

direct interaction between the RGG regions of hnRNPG and the phosphorylated CTD of 

RNAPII, showing that hnRNPG can interact with both nascent RNA and RNAPII CTD. We 

also demonstrate that three distinct regions of hnRNPG function to regulate alternative 

splicing, and hnRNPG-bound m6A and RNAPII occupancy occur in specific patterns near 

hnRNPG-regulated exons. Our results lead to a model in which hnRNPG interacts co-

transcriptionally with nascent RNA and RNAPII CTD, while m6A in regulated exons 

modulates splicing through the interplay of hnRNPG binding and RNAPII occupancy. 

 

2.2 Results 

2.2.1 Development and validation of low-complexity spin assay 

We found that RNAPII co-immunoprecipitated with hnRNPG from whole cell 

or chromatin extracts of human embryonic kidney (HEK) 293T cells; this co-

immunoprecipitation decreased with hnRNPG knockdown (Zhou et al. 2019). This result is 

supported by a study of the RNAPII CTD interactome study, which showed enrichment of 

hnRNPG following immunoprecipitation of S2P or S5P RNAPII (Nojima et al. 2018). Since 

the RNAPII CTD is a docking site for many RNA processing factors and interacts with the 

low-complexity regions of multiple RNA-binding proteins (Burke et al. 2015; Harlen and 

Churchman 2017; Kwon et al. 2013; J. C. Schwartz et al. 2013), we examined whether 
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hnRNPG, which has an extensive low-complexity region (Dosztányi et al. 2005), can directly 

interact with the CTD. However, the tendency of hnRNPG to form large assemblies 

complicated the quantitative measurement of RNA binding using native gel shift or 

nitrocellulose filters (Zhou et al. 2019).  

Therefore, I aimed to establish a biochemical binding assay compatible with low-

complexity proteins. The “spin-down” assay (Figure 2.2.1a) I developed takes advantage of 

our observation that hnRNPG is soluble at 0.5 M NaCl but forms larger aggregates upon 

transfer to 0.15 M NaCl, as these aggregates can be pelleted in small volume mixtures by 

centrifugation, which allows separation of aggregated protein complexes from soluble 

components. The supernatant, containing the soluble fraction, can be separated from the 

pellet, which contains the aggregated protein complexes, allowing for comparison by gel 

electrophoresis. 

This assay was applied to hnRNPG alone in a series of different salt buffers to 

understand the NaCl-dependence on aggregation, which showed hnRNPG was distributed 

between both soluble and pellet fractions in all NaCl concentrations excluding 0.5M 

(Figure 2.2.1c). Comparatively, GST-tagged RNAPII C-terminal domain (GST-CTD) was 

exclusive to the soluble fraction when added to the binding mixture (Figure 2.2.1d), 

suggesting it did not interact with hnRNPG aggregates. To test the dependence on RNAPII 

CTD phosphorylation state on interaction with hnRNPG, phosphorylated GST-CTD (GST-

pCTD) was prepared by treatment with CDK7 or CDK9 prior to the spin-down assay, which 

phosphorylated Ser5 (S5P) or Ser2 (S2P), respectively. GST-pCTD remained soluble 

following phosphorylation by either kinase (Figure 2.2.1e). In conclusion, the data here 
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presented establishes utility of a small volume, low-complexity spin assay in visualization 

of soluble and aggregated protein distributions. 

 

Fig 2.2.1 Development and validation of a spin-assay to measure interactions of low-
complexity proteins. (a). Spin-assay Schematic. Initial binding of hnRNPG and binding 
partners (shown: RNAPII CTD, RNAPII pCTD) is done in 0.5 M NaCl buffer. Complex 
formation is induced by diluting the initial binding mixture into a lower NaCl concentration 
(shown: 0.15 M). Complexes are then centrifuged for 30 minutes at 17,000g, pelleting the 
aggregates. The supernatant containing the soluble (s) fraction can then be removed and 
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the pellet (p) containing hnRNPG-bound aggregates can be resuspended allowing 
downstream analysis. (b). Silver-stained denaturing protein gel showing an hnRNPG spin-
assay salt titration. Initial binding performed at 0.5 M before diluting to the salt 
concentrations listed (c). Silver-stained denaturing protein gel of GST-CTD spin assay 
following no CDK treatment (left, S0P), CDK7 treatment (S5P, middle) and CDK9 treatment 
(S2P, right) showing GST-pCTD and GST-CTD remain exclusive to soluble fraction. 

 

2.2.2 hnRNPG can accommodate simultaneous binding to RNAPII pCTD and RNA 

Next, I used the spin assay to demonstrate direct interaction between hnRNPG and 

GST-pCTD in vitro. Following treatment with either CDK7 or CDK9, GST-pCTD co-

precipitated with hnRNPG while unphosphorylated GST-CTD remained soluble (Figure 

2.2.2a, b). Since hnRNPG is known to interact with RNA, including by acting as an m6A 

reader protein, I sought to establish whether hnRNPG’s binding to GST-pCTD exhibited 

RNA-dependence. Addition of a known RNA ligand of hnRNPG, an A- or m6A-containing 34-

nt hairpin from the long noncoding RNA metastasis-associated lung adenocarcinoma 

transcript 1 (MALAT1) (Liu et al., 2017), did not affect co-precipitation of GST-pCTD in 

pelleted aggregate complexes. However, addition of either MALAT1-A or MALAT1-m6A 

increased the fraction of hnRNPG found in the pellet (Figure2.2.2c), implying protein-RNA 

interactions help drive aggregation of hnRNPG. Taken together, these results demonstrate 

that hnRNPG has much higher affinity for phosphorylated than for unphosphorylated-CTD, 

and pCTD binding is unaffected by RNA binding.  

While these protein stains demonstrate hnRNPG’s binding to the phosphorylated 

RNAPII CTD is RNA-independent, they do not demonstrate whether hnRNPG 

accommodates simultaneous binding to both RNA and the pCTD. To detect the reciprocal 

relationship, the pCTD-dependence of hnRNPG-RNA interactions, the spin assay was 

https://www.cell.com/molecular-cell/fulltext/S1097-2765(19)30535-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1097276519305350%3Fshowall%3Dtrue#bib42
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adapted to detect labeled RNA in soluble and pellet fractions through filter blotting.32P-

labeled MALAT1 hairpin containing A (2515-A) or m6A (2515-m6A) was tested along with 

varying concentrations of hnRNPG and GST-pCTD. This showed that RNA co-precipitated 

with hnRNPG aggregates in a pCTD-independent manner (Figure 2.2.2d). In conclusion, 

hnRNPG accommodates binding to phosphorylated RNAPII and RNA independent of one 

another.  
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Fig 2.2.2 Spin-assay shows hnRNPG can accommodate simultaneous binding to 
RNAPII and RNA (a). Silver-stained denaturing protein gel showing GST-pCTD binding 
(S5P by CDK7) to recombinant hnRNPG by spin-down assay. s, supernatant; p, pellet; 
+2515-A, with equimolar MALAT1 RNA hairpin. and m6A superscripts correspond to 
addition of MALAT1 RNA with A or m6A. hnRNPG runs as two bands due to variable N-
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glycosylation. (b). Same as a, but showing S2P binding (CDK9). (c). Silver-stained 
denaturing protein gel showing increased hnRNPG pelleting following +2515-A, +2515-
m6A treatment. Fraction pCTD in the pellet refers to [GST-pCTD]/([GST-pCTD] + [GST-
CTD]). Dashed line shows the fraction of hnRNPG in the pellet in the absence of GST-pCTD 
or RNA. Error bars: ±1 SD; n = 3 replicates. (d). Filter spotting showing RNA binding to 
recombinant hnRNPG by spin-down assay. Plot shows percent of bound MALAT1 RNA 
hairpin at varying concentrations of S5P-peptide. Error bars: ±1 SD; n = 3 independent 
experiments. 

 

2.2.3 The RRM, RGG1, and RGG2 regions mediate hnRNPG binding to RNA and 

pCTD 

hnRNPG contains three functional domains: an N-terminal structured RRM-domain 

and two highly disordered RGG (Arg-Gly-Gly) regions found in the protein’s 309 amino-acid 

low-complexity region. To examine the effect of these three functional domains in hnRNPG 

on RNA and CTD binding, hnRNPG was purified with mutations in the RRM, RGG1, or RGG2 

regions (Figure 2.2.3a). I used the spin-down assay to measure the impact of these domains 

on the proportion of hnRNPG aggregated and its propensity to bind and co-aggregate 

RNAPII pCTD. Following treatment with either CDK7 or CDK9 to phosphorylate GST-CTD, 

the RRM and RGG2 mutants, but not RGG1 mutant, bound GST-pCTD in the absence of RNA 

(Figure 2.2.3b, c). On addition of MALAT1 RNA hairpin, the RRM mutant remained capable 

of pCTD binding, but pCTD co-aggregation with RGG2 mutant hnRNPG was severely 

diminished. Mutations in RGG1 or RGG2, but not in RRM, reduced pelleting of hnRNPG 

compared to wildtype. These results were verified by a labeled filter blotting spin-down 

assay on mutant hnRNPG and 32P-MALAT1 hairpin RNA, where hairpin RNA preferentially 

co-precipitated with wildtype hnRNPG compared to the three functional domain mutants 

(Figure 2.2.3e). In summary, the RRM and two RGG regions of hnRNPG all function in RNA 
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binding, while the RGG regions are required for the direct interaction with the RNAPII 

pCTD.  

 

Fig 2.2.3 The RRM, RGG1 and RGG2 regions mediate hnRNPG binding to RNA and 
pCTD (a). Diagram showing the RRM, RGG1, RGG2, and low-complexity regions of full-
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length hnRNPG, as well as the mutations introduced in the RRM, RGG1, and RGG2 regions 
to generate RRMmut, RGG1mut, and RGG2mut. (b). Silver-stained denaturing protein gel 
showing pCTD binding (S5P by CDK7) to wild-type and mutant hnRNPG proteins by the 
spin-down assay. Final NaCl concentration was 0.25 M; final hnRNPG concentration was 1.7 
µM. s: supernatant fraction; p: pellet fraction. (c). Silver-stained denaturing protein gel 
showing pCTD binding (S2P by CDK9) to wild-type and mutant hnRNPG proteins by the 
spin-down assay. Final NaCl concentration was 0.25 M; final hnRNPG concentration was 1.7 
µM. s: supernatant fraction; p: pellet fraction. (d). Silver-stained denaturing protein gel 
showing GST-pCTD binding (S5P by CDK7) to wild-type and mutant hnRNPG by spin-down 
assay. s, supernatant; p, pellet. Plot of relative affinity 1− %pCTD(pellet)/%pCTD(input) 
where y > 0 corresponds to pCTD binding. Error bars: data variation; n = 2 independent 
experiments. (e). Filter spotting showing RNA binding to recombinant hnRNPG by spin-
down assay in the presence or absence of pCTD (S5P by CDK7). +2515-m6A refers to m6A-
modified MALAT1 hairpin, whereas 2515-A is the unmodified equivalent; +pCTD 

 

2.2.4 Investigating the phase separation of hnRNPG 

The spin-down assay developed herein enables the investigation of protein 

aggregation’s dependence on varying introduced factors, thus allowing investigation of the 

phase separation properties of low-complexity proteins. Because protein-protein and 

protein-RNA interactions which help drive aggregation and phase separation are 

dependent on salt concentration, the applicability of the spin-down assay was 

demonstrated in multiple salt concentrations. In the case of hnRNPG, its aggregation and 

binding properties were reproduced in both 0.25 and 0.37 M NaCl (Figure 2.2.4a).  

The low-complexity region hnRNPG is enriched among the human proteome for 

repeats of the amino acid sequences “RDY,” or “RDxY,” (Figure 2.2.4b). We hypothesized 

that these motifs may be involved in driving phase separation of hnRNPG. Therefore, I used 

the spin-down assay on a 6-FAM-labeled 21-mer peptide consisting of part of the hnRNPG 

sequence enriched in RDxY motifs (6-FAM-SRDYPSSRDTRDYAPPPRDYT); this peptide 

alone was sufficient for small amounts of aggregation (Figure 2.2.5c). This provides 
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preliminary evidence that RDxY motifs may be driving aggregation of hnRNPG, but 

moreover demonstrates the versatility of the spin-down assay here developed.  

 

2.3 Discussion 

In this study, we showed that the RNA-binding protein hnRNPG uses RGG regions to 

directly interact with the phosphorylated CTD of RNAPII. hnRNPG binding to RNA and the 

RNAPII CTD can occur simultaneously, likely by the assembly of hnRNPG into large 

complexes. In cells, the RRM, RGG1, and RGG2 regions of hnRNPG functioned in the 

regulation of alternative splicing. We further found that hnRNPG-bound m6A sites near the 

splice sites of regulated exons were associated with increased RNAPII occupancy and exon 

inclusion. Our results support a model in which hnRNPG assemblies interact co-

transcriptionally with nascent RNA and the RNAPII CTD, while m6A sites in nascent RNA 

promote hnRNPG binding to modulate RNAPII occupancy and alternative splicing. 

One possible mechanism for hnRNPG- and m6A-dependent alternative splicing 

regulation is through RNAPII pausing to provide an appropriate time window and spatial 

resolution to recruit splicing factors. RNAPII pausing during transcription elongation can 

be modulated by RNA sequence and structure, chromatin state, and RNA-protein 

interactions (Mayer, Landry, and Churchman 2017).  Although RNAPII density by ChIP-seq 

could reflect RNAPII pausing, ChIP-seq has a limited resolution (100–200 nt) and cannot 

distinguish between RNAPII pausing and other etiologies of RNAPII occupancy. A future 

direction could utilize the native elongating transcript sequencing (NET-seq) method to   
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Fig 2.2.4 Spin-down assay as a generalized tool for studying phase separation (a). Silver-
stained denaturing protein gel showing pCTD binding (S5P by CDK7) to wildtype and 
mutant hnRNPG proteins by the spin-down assay. Final NaCl concentration was 0.25 M 
(top), 0.33M (bottom); the final hnRNPG concentration was 1.7 µM. s: supernatant fraction; 
p: pellet fraction. (b). Left: hnRNPG domain structure, with the N-terminal 82 amino acid 
RRM-domain labeled, along with the RGG1 and RGG2 regions within the 309 amino acid 
low-complexity region. Enlarged is an embedded amino acid sequence enriched in the 
“RDY/RDxY” motif relative to the human proteome. Right: Quantification of the number of 
“RDY/RDxY” motifs throughout the human proteome. (c). Native protein gel showing 6-



 

41 
 

FAM-21-mer (6-FAM-SRDYPSSRDTRDYAPPPRDYT) aggregation by the spin-down assay. 
Final concentrations 150 mM (left), 75 mM (right). 1x 6-FAM-21-mer refers to a final 
concentration 1.4 µM. 

 

Fig 2.2.5 Model for m6A-dependent regulation of exon inclusion by hnRNPG. Red 
circle, m6A site; red box, alternative exon; gray, constitutive exon; black lines, DNA; green, 
RNAPII with CTD as extended line; cyan, hnRNPG complex. RNAPII transcribes through the 
splice site, m6A is installed, and hnRNPG interacts with m6A, causing RNAPII to increase 
dwell time downstream of the m6A site, which results in hnRNPG- and m6A-dependent 
exon inclusion.  
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more accurately measure RNAPII pausing (Mayer, Landry, and Churchman 2017; Nojima et 

al. 2018) and m6A-dependent splicing regulation. These published NET-seq results have 

shown that RNAPII density is higher in exons than in introns and is also high around splice 

sites. NET-seq upon the depletion of hnRNPG, METTL3, and/or METTL14 could provide the 

single-base resolution needed to firmly establish the potential role of RNAPII pausing in 

m6A-dependent exon inclusion. 

The RNAPII CTD coordinates co-transcriptional RNA processing with transcription 

by recruiting constitutive RNA processing factors through direct interactions. However, the 

role of the CTD in recruiting alternative splicing factors, particularly through direct 

interactions, is less clear (Bentley 2014). Our study demonstrates that an alternative 

splicing factor, hnRNPG, directly interacts with the RNAPII CTD. The selective interaction of 

hnRNPG with phosphorylated CTD and the effect of transcription inhibitors on the 

hnRNPG-RNAPII interaction support our conclusion that hnRNPG interacts with RNAPII co-

transcriptionally. We also found that the direct interaction of hnRNPG with phosphorylated 

CTD depended on two RGG regions in its low-complexity region. To our knowledge, RGG 

regions have not previously been shown to directly bind the CTD. Because RGG motifs are 

the second most common RNA-binding motif among mammalian mRNA-binding proteins 

(Gerstberger, Hafner, and Tuschl 2014), our findings suggest that many other RNA-binding 

proteins might regulate pre-mRNA processing by interacting directly with the RNAPII CTD 

through their RGG regions. Moreover, RGG motifs are commonly found in low-complexity 

regions, so a direct interaction between RGG motifs and the CTD could also have 

implications for low-complexity region assembly. The CTD is known to interact with low-

complexity regions of several RNA-binding proteins, and these interactions have 
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proposed functions in transcriptional regulation (Harlen and Churchman 2017). hnRNPG 

forms a distinct interaction with the RNAPII CTD for co-transcriptional splicing regulation. 

The abundant m6A modification in mRNA has been implicated in alternative splicing 

regulation. Most m6A modifications are deposited co-transcriptionally and enriched in 

exonic regions near splice sites (Barbieri et al. 2018; Ke et al. 2017; Knuckles et al. 2017; 

Louloupi et al. 2018), but it is unknown how m6A near splice sites can modulate co-

transcriptional alternative splicing. Because alternative splicing regulation by RNA-binding 

proteins depends on their binding site positions (X.-D. Fu and Ares 2014), m6A site 

positions, which determine m6A reader protein binding sites, likely also influence 

alternative splicing regulation. We found that hnRNPG-regulated exons were associated 

with specific patterns of hnRNPG-bound m6A sites and RNAPII occupancy, supporting a 

model in which hnRNPG binds m6A sites near target exons and modulates RNAPII 

occupancy to promote exon inclusion. The regulation of alternative splicing involves a 

complex “splicing code” of cis- and trans-acting factors (X.-D. Fu and Ares 2014). We have 

shown that a cis-acting RNA modification, m6A, modulates the regulation of alternative 

splicing by hnRNPG by recruiting hnRNPG to specific sites, while a trans-acting protein, 

hnRNPG, interacts with the transcription machinery and co-transcriptionally modulates 

RNAPII occupancy to regulate alternative splicing. The m6A-dependent regulation of 

alternative splicing by hnRNPG demonstrates how the RNAPII CTD, RGG regions, and m6A 

act together to modulate the co-transcriptional regulation of alternative splicing by a low-

complexity m6A reader protein. 
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2.4 Materials and methods 

2.4.1. Cloning and purification of hnRNPG 

Repeated attempts by us to overexpress and purify full-length hnRNPG protein in E. 

coli using multiple different plasmid constructs and expression strategies were 

unsuccessful, likely due to protease cleavage of the low complexity hnRNPG protein in cells. 

We therefore resorted to overexpressing the full-length protein from the baculovirus 

expression system where the full-length protein was secreted to avoid proteolysis. 

The sequence encoding full-length human hnRNPG protein was amplified from 

human HeLa cDNA libraries (637203, Clontech) and subcloned into the pGEX-6p-1 vector 

using BamHI and XhoI restriction sites. Plasmids encoding the hnRNPG mutants RRMmut, 

RGG1mut, and RGG2mut were prepared by QuikChange mutagenesis (200524, Agilent) and 

Gibson assembly (E2611L, New England BioLabs), with the following mutations in the 

encoded proteins: K9A, F11A, R49A, F51A, and F53A in RRMmut; R110A, R113A, R120A, 

and R125A in RGG1mut; R369A, R373A, and R377A in RGG2mut. The mutant hnRNPG 

sequences were cloned into pCMV3-Flag-RBMX (HG16560-NF, Sino Biological) by Gibson 

assembly for expression in human cells. The wild-type and mutant hnRNPG sequences 

were cloned into the pAcGP67a vector using BamHI and NotI restriction sites for 

expression in insect cells. A His8 tag was added to the N-terminus for affinity purification. A 

fast-folding variant of protein G, NuG2b 

(DTYKLVIVLNGTTFTYTTEAVDAATAEKVFKQYANDAGVDGEWTYDAATKTFTVTE (Lindorff-

Larsen et al. 2011; Skinner et al. 2014), was added to the N-terminus to increase protein 

stability. 
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A baculovirus expression system was used for the expression of proteins in High 

Five insect cells as previously described (Langmead and Salzberg 2012). The secreted 

proteins were purified using nickel nitrilotriacetic agarose (Ni-NTA) resin (30230, Qiagen). 

The resin was washed with 10 mM Tris-Cl (pH 7.4), 1 M NaCl, 2.5 mM MgCl2, 10% v/v 

glycerol buffer. The hnRNPG protein was released from the resin by cleavage C-terminal to 

the His8–NuG2b tag with His-tagged Pre-Scission Protease (Z03092, GenScript) in storage 

buffer (10 mM Tris-Cl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 10% v/v glycerol) at 4 °C 

overnight, and the protein was concentrated with a 30 kDa centrifugal filter (UFC803024) 

and either stored at 4 °C or flash-frozen in liquid nitrogen and stored at −80 °C. 

Immediately before use, hnRNPG protein stocks were spun at 21 K × g at 4 °C for 10 

minutes, and the supernatant was used as the new hnRNPG stock. The concentrations of 

hnRNPG stocks were measured by Bradford assay (23236, Thermo). 

2.4.2 hnRNPG spin-down assay for RNA binding 

32P-labeled RNA was pre-mixed ± hnRNPG protein at 0.5 M NaCl, then transferred to 

0.15 M NaCl followed by centrifugation. Pellets were dissolved with 0.5 M NaCl buffer in the 

same volume as supernatant, spotted in μl indicated, and followed by phosphorimaging. 

20 pmol of MALAT1 hairpin containing A (2515-A) or m6A (2515-m6A) were 5’ 32P-

labeled using T4 PNK and purified by denaturing gel electrophoresis and stored in water. 8 

μl of 32P-RNA was mixed with 2 μl 100 mM TrisHCl (pH 7.4) and renatured by heating at 

85°C for 2 minutes, then placed at room temperature for 5 minutes. 10 l 2X Buffer A (40 

mM Tris-Cl (pH 7.4), 1 M NaCl, 5 mM MgCl2, 0.4 mM EDTA) was then added, and this 

mixture was split into 5× 3.5 μl samples. 1.8 μl 9.2 μM hnRNPG protein in storage buffer 
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(10 mM TrisHCl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 10% v/v glycerol) and 4.7 μl Buffer 

A (20 mM TrisHCl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 0.2 mM EDTA) was then added. 

The final concentration for 32P-RNA was less than 0.1 μM. For samples with unlabeled RNA 

(2515-A or 2515-m6A), RNAPII CTD phosphor-S5 peptide (ab18488, abcam), or RNAPII 

CTD phosphor-S2 peptide (ab12793, abcam), they were diluted to the appropriate 

concentration in Buffer A and then added in lieu of Buffer A. Control reactions without 

hnRNPG substituted storage buffer (10 mM Tris-Cl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 

10% v/v glycerol) for hnRNPG. The binding mixtures were rotated at 4 °C overnight in a 

total volume of 10 μl. 

hnRNPG protein precipitation was initiated by diluting the above binding mixture to 

a final NaCl concentration of150 mM by adding 23.3 μl Buffer B (20 mM TrisHCl (pH 7.4), 0 

mM NaCl, 2.5 mM MgCl2, 0.2 mM EDTA) and rotated at 4 °C for 1 hour. The mixtures were 

then centrifuged for 30 minutes at 17,000 g and 4 °C to pellet. Supernatant was separated 

from the pellet, and the pellet was resuspended in 33.3 μl Buffer A. 1, 2.5, and 6.25 μl of 

each sample was blotted onto filter paper. This blot was exposed on a phosphorimager 

plate and imaged using a BioRad Personal Molecular Imager. The resulting image was 

quantified using the Quantity One software. 

2.4.3. hnRNPG spin-down assay for CTD binding 

hnRNPG protein ± GST–CTD ± phosphorylation by CDK7 or CDK9 were pre-mixed at 

0.5 M NaCl, then transferred to 0.15 M or 0.25 M NaCl followed by centrifugation. To 

phosphorylate the GST–CTD, 0.75 ng of recombinant GST-tagged human RNAPII CTD 

(SRP2120, Sigma) were combined with 0.36 ng of CDK7–Cyclin H–MNAT1 (PV3868, 
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Thermo) or CDK9–Cyclin T1 (14–685, Sigma) in 25 μL of 8 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) (pH 7), 0.2 mM EDTA, and 1 mM 

MgCl2 supplemented with freshly added 0.1 mM ATP and 0.25 mM DTT, and then incubated 

at 30 °C for 1 hour. Control reactions without ATP were incubated under the same 

condition. Binding mixtures using 2x GST-CTD instead utilized 1.5 ng of recombinant GST-

tagged human RNAPII CTD and 0.72 ng of CDK7 or CDK9. 

Initial binding mixtures were generated by adding 2.45 μl of the above 

phosphorylation reaction to 1.1 μl of either 9.2 or 18.4 μM hnRNPG in storage buffer (10 

mM TrisHCl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 10% v/v glycerol) and 2.45 μl of 2x 

Buffer A (40 mM TrisHCl (pH 7.4), 1 M NaCl, 5 mM MgCl2, 0.4 mM EDTA). For binding 

mixtures with RNA, 1.63 μl of 3X Buffer A (60 mM TrisHCl (pH 7.4), 1.5 M NaCl, 7.5 mM 

MgCl2, 0.6 mM EDTA) and 0.82 μl of 25 or 50 μM 2515-A or 2515-m6A was added instead. 

The binding mixtures were rotated overnight at 4 °C overnight in a total volume of 6 μl. 

Protein precipitation was initiated by diluting binding mixtures to either final 150 

or 250 mM NaCl by adding either 14 μL Buffer B (20 mM Tris-Cl (pH 7.4), 0 mM NaCl, 2.5 

mM MgCl2, 0.2 mM EDTA) or 2 μl 2X Buffer A and 12 μL Buffer B, respectively. These 

diluted binding mixtures were rotated for 1 hour at 4 °C in a total volume of 20 μl. The 

binding mixtures were then centrifuged for 1 hour at 17,000 g and 4 °C to pellet. 

Supernatant was separated from the pellet, and the pellet was resuspended in 20 μL Buffer 

B. 20 μL of 2x LDS (NP0008, Thermo), 50 mM EDTA was then added to each sample, and 

they were then incubated at 95 °C for 10 min. 20 μL of each sample was then loaded onto 

12-well 4–12% polyacrylamide Bis-Tris gels (NP03322, Invitrogen) alongside a Novex™ 

Sharp Pre-stained Protein Standard (LC5800, Thermo) and ran at 150V for 1 hour. The gels 
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were then silver stained using the Pierce™ Silver Stain Kit (24612, Thermo). Gels were 

imaged using a UVP BioDoc-It™ Imaging System. The intensities of each band were 

quantified using Image Studio software. 
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Chapter 3 

Expanding mechanisms by which nuclear reader proteins regulate m6A-dependent 

gene expression 

Acknowledgment: This chapter is derived from unpublished work. hnRNPG protein was 

courtesy of Dr. Katherine Zhou. YTHDC1 wild-type and mutant plasmids were courtesy of 

Professor Chaun He’s lab. Size exclusion column during 6x-His-YTH purification done with 

the assistance of Tomasz Ślężak from the Professor Kossiakoff lab.    

3.1 Introduction 

Gene expression can be regulated co-transcriptionally through proteins that 

specifically recognize N6-methyl-adenosine (m6A) known collectively as m6A-reader 

proteins. Two nuclear m6A-reader proteins, YTH N6-Methyladenosine RNA Binding 

Protein C1 (YTHDC1) and heterogeneous nuclear ribonucleoprotein G (hnRNPG), are 

known to regulate m6A-dependent alternative splicing (Alarcón et al. 2015; Kasowitz et al. 

2018; N. Liu et al. 2015, 2017; Xiao et al. 2016a) and have been suggested to interact with 

one another (Hartmann et al. 1999; Huttlin et al. 2015, 2017); however, direct interaction 

between these two nuclear m6A-reader proteins has yet to be demonstrated. The 

mechanisms behind the majority of m6A-dependent alternative splicing events have yet to 

be identified, though Chapter 2 of this thesis describes one mechanism of m6A-dependent 

alternative splicing which acts on a subset pre-mRNA with modification-dependent splicing 

(Zhou et al. 2019). Given the mechanism of m6A in many m6A-dependent splicing events 

remains to be defined, I investigated the properties of YTHDC1, the nuclear m6A reader 
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with suggested hnRNPG interactions, with still uncharacterized m6A-dependent activity in 

splicing.   

YTHDC1 is the sole primarily nuclear-localized member of the YTH-family of m6A-

reader proteins, who directly recognize m6A through conserved tryptophan residues 

embedded in their structured YTH-domains (Xiao et al. 2016a; Xu et al. 2014). The YTH-

domain lies embedded within a largely unstructured whole protein (Xiao et al. 2016b); 

these low-complexity regions contribute to the formation of phase-separated processing 

complexes near nuclear speckles known as ”YT-bodies” (Rafalska et al. 2004). Functionally, 

YTHDC1 is involved in transcription and m6A-dependent pre-mRNA processing in the 

nucleus (Kasowitz et al. 2018; Lee et al. 2021; N. Liu et al. 2017) including alternative 

splicing and polyadenylation (Xiao et al. 2016a), stability of chromatin-associated RNAs 

(Jun Liu et al. 2020), and nuclear export (Roundtree, Luo, et al. 2017). 

Here I detail the differing RNA and m6A-modified RNA-dependence of YTHDC1 and 

hnRNPG on both interactions with one another and interactions with the C-terminal 

domain (CTD) of RNA Polymerase II (RNAPII). YTHDC1 can form direct protein-protein 

interactions with the C-terminal domain (CTD) of RNA Polymerase II (RNAPII) mediated 

through its structured YTH-domain, in contrast to hnRNPG’s interactions with CTD which 

are predominately mediated through its unstructured and highly disordered RGG regions 

(Zhao et al. 2019). The YTH-domain’s interactions with RNAPII are reduced following the 

addition of m6A-RNA, suggesting the domain binds exclusively to m6A or RNAP. This 

contrasts with hnRNPG’s ability to accommodate simultaneous interactions and 

demonstrates divergent mechanisms by which m6A reader proteins regulate m6A-

dependent, co-transcriptional gene expression. 
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3.2 Results 

3.2.1 hnRNPG solubilizes YTHDC1 in vitro 

 Motivated by our studies on m6A reader protein hnRNPG, I sought to investigate the 

mechanism of co-transcriptional, m6A-dependent activity of nuclear reader protein 

YTHDC1. Purification of full-length YTHDC1 proved difficult for us and others with all 

tested E. coli expression procedures yielding no product (data not shown); indeed, in vitro 

structural and biochemical analysis of YTHDC1 has been limited to its more readily 

purifiable YTH-Domain (Woodcock et al. 2020). Purification of FLAG-YTHDC1 in 

transfected HEK293T cells was inconsistent, but one attempt yielded workable amounts of 

the eluted protein product of the correct molecular weight from anti-FLAG M2 beads 

(A2220 Sigma) after the addition of FLAG peptide (Figure 3.2.1a). The identity of this 

protein as YTHDC1 was further substantiated by anti-YTHDC1 Western Blot (Figure 

3.2.1c).  

The spin-down assay developed in Chapter 2 of this thesis enables the detection of 

low-complexity protein-protein interactions with low input and in small volumes; 

therefore, the spin-assay provided the unique opportunity to detect in vitro interactions 

and aggregative properties of YTHDC1 given low-yields of full-length low-complexity 

protein purification. I performed our spin-assay on YTHDC1 in the presence and absence of 

hnRNPG to determine whether the two proteins could interact and aggregate with one 

another in vitro (Figure 3.2.1b). For this assay, the proteins were initially pre-mixed in 500 

mM NaCl, buffer conditions where the proteins remain soluble, before complex formation 

was induced by diluting to 150 mM NaCl. These complexes were then pelleted by 



 

52 
 

centrifugation, separated from the soluble supernatant, resuspended in buffer, run on SDS-

PAGE, and visualized by silver-staining. When tested alone, YTHDC1 was solely in the 

aggregated pellet (P) fraction, whereas hnRNPG was distributed between both the pellet 

and the soluble supernatant (S) fraction. When YTHDC1 and hnRNPG were pre-mixed as 

part of the spin-assay, YTHDC1’s distribution was disrupted, instead evenly distributed 

between the fractions. This observation implies the addition of hnRNPG solubilized a 

portion of YTHDC1 which would otherwise be aggregated. I confirmed the pelleting 

behavior of YTHDC1 when tested alone by Western Blot (Figure 3.2.1c). Taken together, 

we hypothesized a “fishing model,” where a portion of hnRNPG bound to the 

transcriptionally active phosphorylation state of RNA Polymerase II’s C-terminal domain 

(RNAPII pCTD) would interact with and thus fish YTHDC1 out from phase-separated 

granules. Populations of polymerase-bound hnRNPG which recruited YTHDC1 for assembly 

of downstream splicing machinery would thus account for YTHDC1- and hnRNPG-

dependent pre-mRNA splicing.    

 

 

 

 

 



 

53 
 

 

Figure 3.2. 1 YTHDC1 is solubilized by hnRNPG (a). Silver-stained protein gel showing 
purified FLAG-YTHDC1 from HEK293T cells transfected with FLAG-YTHDC1 mammalian 
expression plasmid by use of anti-FLAG M2 beads. Lanes from left-to-right: (1) Total cell 
lysate, input for anti-FLAG M2 beads (2) protein eluted following the addition of wash 
buffer; (3)-(5) elution fractions 1-3, respectively. No protein was observed by western blot 
in elution 3. (6) Molecular-weight protein standard ladder, the position corresponding to 
85 kDa labeled. expected molecular weight of FLAG-YTHDC1 is ~86 kDa. (b). Silver-stained 
denaturing protein gel showing aggregation of hnRNPG and YTHDC1 alone and interactions 
with one another when pre-mixed by spin-assay. The final NaCl concentration was 0.25 M; 
the final hnRNPG concentration was 1.7 µM. s: supernatant fraction; p: pellet fraction. (c). 
Western blot against YTHDC1 of spin-assay performed on YTHDC1 alone, as in (b). l: 
ladder, -: empty lane, s: supernatant fraction, p: pellet fraction. Western Blot validation.   
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3.2.2 YTHDC1 interacts with the RNA Polymerase II CTD in an RNA-independent 

manner  

Biochemical data generated by the spin-assay showing solubilization of YTHDC1 by 

hnRNPG corroborated literature evidence that YTHDC1 and hnRNPG can interact 

(Hartmann et al. 1999; Huttlin et al. 2015, 2017). We hypothesized a population of 

polymerase-bound hnRNPG would bind YTHDC1 directly as part of a co-transcriptional 

splicing complex for splice isoforms exhibiting YTHDC1 and hnRNPG co-dependence; 

therefore, we sought to demonstrate direct interaction of these two m6A reader proteins in 

a co-transcriptional context by co-immunoprecipitation (CoIP) using human embryonic 

kidney (HEK) 293T chromatin extracts. First, extracts corresponding to cytosolic, nuclear, 

and chromatin fractions had their identities verified by Western blot against marker 

proteins for these subcellular fractions (Figure 3.2.2a). RNase treatment was employed to 

test the RNA-dependence of CoIP thus necessitating verification of chromatin extract RNA 

degradation on RNase treatment (Figure 3.2.2b), as direct, protein-protein interactions 

necessitate an RNase-independence. Indeed, the presence of RNA was abolished upon 

treating the chromatin fraction with RNase.  

YTHDC1 co-immunoprecipitated with hnRNPG in chromatin extracts of HEK293T 

cells (Figure 3.2.3), corroborating previous evidence for their interaction. However, this 

CoIP was abolished following RNase treatment. The binary, RNase-dependence of YTHDC1 

co-immunoprecipitation implies an indirect, RNA-mediated interaction with hnRNPG in 

vivo, as opposed to the protein-protein interactions we observed in our biochemical spin-

down assay (Figure 3.2.1b). While this result may seemingly conflict with the prior 
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observations, the solubility of YTHDC1 induced by addition of hnRNPG does not necessarily 

demonstrate direct protein-protein interaction, but only a change in its environment that 

energetically disfavors aggregation in a particular biochemical context.    

Given this result argues against direct protein-protein interactions for YTHDC1 and 

hnRNPG in vivo, other mechanisms by which YTHDC1 could be incorporated into co-

transcriptional splicing assemblies were considered. In our previous report, we 

demonstrated that hnRNPG directly interacted with the transcriptionally active RNAPII 

pCTD (Zhou et al. 2019); therefore, I sought to investigate if both YTHDC1 and hnRNPG 

were both capable of interacting directly with the CTD of RNAPII. RNAPII pCTD indeed co-

immunoprecipitated in an RNase-independent manner when tested, which replicates our 

previous result and acts as an internal control that further supports hnRNPG’s RNase-

dependent co-immunoprecipitation of YTHDC1 (Figure3.2.2d). RNAPII CTD co-

immunoprecipitated with YTHDC1 in an RNase-independent manner, suggesting that both 

YTHDC1 and hnRNPG can make direct protein-protein interactions with RNAPII in vivo 

(Figure 3.2.2d). Taken together, these observations support a model where the CTD of 

RNAPII accommodates two populations of low-complexity, m6A-reader protein-bound 

states: one bound to hnRNPG, and another to YTHDC1. These two proteins could act as 

platforms to recruit unique splicing condensates, explaining why sets of m6A-dependent 

splicing events have a dependence on either hnRNPG or YTHDC1.  
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Figure 3.2. 2 YTHDC1 directly interacts with RNA Polymerase II (a). Western blot of 
representative cytoplasm, nucleoplasm, and chromatin extracts; these subcellular fractions 
were defined by the presence or absence of marker proteins for each subcellular 
compartment. Cytoplasm, nucleoplasm, and chromatin fractions are defined by the 
exclusive presence of GAPDH, SNRNP70, and H3k4me3, respectively. hnRNPG was found in 
both nucleoplasm and chromatin extracts.  (b). Agarose gel of extract RNase A/T1 
treatment. Both samples which received the RNase treatment, and which did not were 
incubated for 30 minutes at 37°C. (c). Western blot against hnRNPG (top) and YTHDC1 
(bottom) of the chromatin extract input used for immunoprecipitation, isotype negative 
control immunoprecipitation, and YTHDC1 immunoprecipitation without RNase treatment 
(left) or with RNase treatment (right) showing RNase-dependent co-immunoprecipitation 
of YTHDC1 by hnRNPG. (d).  Western blot against YTHDC1 (top) and RNA Polymerase II 
pCTD (RNAP S5P, bottom) of the chromatin extract input used for immunoprecipitation, 
isotype negative control immunoprecipitation, hnRNPG immunoprecipitation, and YTHDC1 
immunoprecipitation without RNase treatment (left) or with RNase treatment (right) 
showing RNAP S5P co-immunoprecipitation with YTHDC1 in an RNase-independent 
manner.   
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3.2.3 YTHDC1’s YTH-domain interacts directly with RNAPII in chromatin extracts 

Having established the interaction between endogenous YTHDC1 and RNAPII in 

HEK293T cells, I next sought to investigate the sequence feature of YTHDC1 which 

mediated this interaction. YTHDC1’s YTH-domain is the sole structured region, located in 

the center of the protein’s amino acid sequence (Figure 3.2.3). The low-complexity 

portions outside of YTHDC1’s YTH-domain contain regions enriched for several specific 

amino acid residues when compared to the human proteome.  As in the case of hnRNPG, 

low-complexity regions can be responsible for mediating RNAPII interactions (Zhou et al. 

2019), inspiring inquiry on whether these highly charged regions of YTHDC1 could mediate 

complex formation by polar interactions.   

FLAG-YTHDC1 constructs were transfected into HEK293T cells to investigate the 

necessary YTHDC1 sequence component in anti-FLAG co-immunoprecipitation of RNAPII. 

Interestingly, the YTH-domain alone was sufficient to CoIP RNAPII (Figure 3.2.3b). As the 

YTH-domain is responsible for direct interaction with m6A-modified RNA, whether this 

interaction was RNA-mediated was tested by RNase treatment. Surprisingly, the FLAG-

YTH-domain alone was still sufficient to pulldown the actively transcribing polymerase 

following RNase treatment, supporting a direct protein-protein between the YTH-domain 

and RNAPII.  

The YTH-domain’s intermolecular interactions have solely been described in the 

context of RNA, making this FLAG-CoIP the first demonstration that the YTH-domain is 

capable of both protein-RNA and protein-protein interactions. To test the relative strength 

of the YTH-domain’s interactions with m6A-RNA and the RNAPII CTD, anti-FLAG 

immunoprecipitation of FLAG-YTH transfected cells was tested after adding methylated or 
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unmethylated RNA and compared to a control where RNA was not added (Figure 3.2.3c). 

The addition of A-RNA resulted in a modest decrease in co-immunoprecipitated CTD, while 

the addition of m6A-RNA lead to a larger reduction. Taken together, this supports a 

competitive-binding model of YTHDC1, where the YTH domain can bind both RNA and 

RNAPII CTD but cannot accommodate their simultaneous binding. Furthermore, RNA acts 

as a competitor for YTH-binding, ejecting bound CTD when introduced.    
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Figure 3.2. 3 The YTH-Domain of YTHDC1 interacts directly with RNAPII S5P (a). The 
amino acid sequence of full-length human YTHDC1. The structured YTH-domain is 
highlighted in purple, while other highlighted regions are enriched in the amino acid(s) 
denoted to the left, relative to the human proteome. (b). Western blot FLAG-IP shows 
FLAG-YTH interacts with the RNAPII S5P in an RNase-independent manner. Lanes from left 
to right (1) Input; chromatin extract used for IP (2) Ctrl IP; isotype control against FLAG IP 
(3, 4) FLAG IP. Lanes 1-3 are without RNase treatment, while lane 4 is following RNase 
A/T1 treatment. (b). Quantification of S5P co-immunoprecipitated with FLAG-YTH in the 
presence of A or m6A containing RNA.  A: 5’pAUAAAAACAGACUCUGUAGCGAUGUCAAA; 
m6A:5’pAUAAAAm6ACAGm6ACUCUGUAGCGAUGUCAAA 
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3.2.4 His-YTH domain can pulldown S5P, S2P, S0P in vitro 

 Having established the ability of the YTH-domain to interact with RNAPII in vivo, I 

investigated whether the YTH-domain could also interact directly with the RNAPII CTD in 

vitro. Purification of YTH was performed using a 6x-His-tag scheme in E. coli; 6x-His-YTH 

expression plasmids were transformed into T7 Express competent E. coli cells and cultures 

induced with IPTG. The tagged peptide was then purified using sequential affinity and size-

exclusion columns. Affinity purification was done using Ni-NTA resin, from which eluted 

impure fractions that contained a protein band on SDS-PAGE corresponding to the size of 

the tagged protein domain (Figure 3.2.4a). Ni-NTA column elution fractions containing 

this protein were concentrated using an Amnicom 3 kDa molecular weight cut-off filter. 

Following this, the concentrated sample was loaded onto a Size Exclusion Column, with the 

protein-containing fractions again pooled and then concentrated with a 3 kDa cut-off 

column. Coomassie staining confirmed that size-exclusion led to a loss of high molecular 

weight contaminants present in the Ni-NTA eluate (Figure 3.2.4a).  

 His-pulldown experiments were then performed on mixtures containing purified 

6x-His-YTH and GST-RNAPII CTD to test the interaction between these tagged proteins. 

Phosphorylated GST-CTD (pCTD) was prepared by either CDK7 or CDK9 pre-treatment, 

generating phosphorylation at CTD Ser5 (S5P) or CTD Ser2 (S2P), respectively. 6x-His-YTH 

pulled down not only the two tested CTD phospho-isoforms (Figure 3.2.4b, left) but also 

the CTD in its unphosphorylated state (Figure 3.2.4b, right). This pulldown demonstrates 

direct interaction in vitro between the His-tagged YTHDC1 YTH-domain and GST-tagged 

RNAPII CTD, supporting direct protein-protein interactions between the YTH-domain and 

RNAPII. Interestingly, the YTH-domain’s promiscuity in interacting with the RNAPII CTD 
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regardless of its phosphorylation state contrasts with hnRNPG, which interacted solely 

with the phosphorylated CTD indicative of a transcriptionally active polymerase (Zhou et 

al. 2019).  

 Taken collectively, this establishes a model where m6A reader proteins exhibit 

unique interactions with RNAPII CTD where active transcription may modulate their 

activities (Figure 3.2.4c).  In this model, the RNAPII CTD can bind directly to both hnRNPG 

and YTHDC1, creating at least two populations of reader-bound polymerases. While 

hnRNPG’s effect on pre-mRNA exon inclusion is transcriptionally dependent (Zhou et al. 

2019), the data shown here suggest m6A-modified RNA, which may be nascent transcripts 

produced from the reader-bound polymerase, preferentially binds to YTHDC1’s YTH-

domain, ejecting the bound polymerase, instead leaving YTHDC1 tethered and spatially 

separated via the bound RNA.  
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Figure 3.2. 4 6x-His-YTH-Domain Interacts with GST-CTD In Vitro (a). Sequential two-
column purification of 6x-His-YTH domain visualized Coomassie-stained denaturing 
protein gels. Lysate from E. Coli culture was loaded into a Ni-NTA column (left) where 
elution fractions containing the tagged protein of interest were pooled and subsequently 
loaded into a size-exclusion column (right). Ni-NTA gel lanes numbered left to right: (1, 14) 
Protein standard ladder; (2) Input E. Coli lysate loaded in the column; (3) UB – unbound 
lysate eluate following resin binding; (4-5) W1-W2 – eluate following the first and second 
resin washes, respectively; (6-13) E1-E8 – fractions 1-8 following sequential additions of 
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elution buffer. The size-exclusion column gel was loaded with increasing concentrations of 
purified protein following size-exclusion to demonstrate the absence of high-molecular-
weight contaminants present in the Ni-NTA column eluates. (b). Western blot of His-
pulldown shows 6x-His-YTH domain pulls down RNAPII CTD. Blot done against 6X-His 
(top) and GST (bottom) to visualize 6x-His-YTH domain and GST-RNAPII CTD, respectively. 
Left:  Input used in pull-down; Right: Anti-6x-His IP pull-down eluate. GST-CTD (S0P) was 
phosphorylated at Ser2 (S2P) or Ser5 by the addition of ATP and either CDK9 or CDK7, 
respectively. (c). Proposed model for m6A-dependent co-transcriptional interactions, 
where at least two populations of reader-bound polymerases exist. In the YTHDC1-bound 
population, nascent m6A-modified mRNA binds competitively to YTHDC1’s YTH-domain, 
ejecting the bound polymerase and leading to distal m6A-dependent effects on alternative 
splicing. For the hnRNPG-bound polymerase population, the reader protein accommodates 
binding to both nascent m6A-modified transcripts and the polymerase, conferring proximal 
effects on alternative splicing.  

 

3.3 Discussion 

The data here presented demonstrate that the m6A reader protein YTHDC1 directly 

interacts with the CTD of RNAPII. Pulldown of tagged proteins both in vitro and in vivo 

suggests that YTHDC1’s m6A-binding YTH-domain mediates direct protein-protein 

interactions with the RNAPII CTD; to date, there have been no reports that the YTH-domain 

of any YTH-family protein engages in intermolecular protein-protein interactions. 

Furthermore, data here shows that the introduction of m6A-modified RNA untethers 

YTHDC1 from the CTD of RNAPII, suggesting competitive binding contrasting the 

accommodation to both interactions shown by another CTD-binding m6A-reader protein, 

hnRNPG. These observations support a model where YTHDC1 interacts co-transcriptionally 

with the RNAPII CTD until the nascent RNA transcript is methylated, creating a substrate 

that outcompetes and thereby ejects the YTH-domain bound polymerase, resulting in 

YTHDC1 remaining tethered to active transcription solely by the nascent transcript itself.   
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YTHDC1 has been suggested to interact with hnRNPG (Hartman 1999, Huttlin, et al 

2015, 2017), which could act as a way for the two proteins to coordinate their m6A-

dependent splicing activities (Zhou et al. 2019). However, testing this model of crosstalk 

has proven difficult owing to the low complexity and aggregation-prone nature of these 

full-length proteins.  In my hands, repeated strategies and attempts at purification of 

YTHDC1 yielded a small amount of workable material, suited for application in my small-

volume spin-assay. This assay demonstrated hnRNPG-dependent solubilization of YTHDC1, 

but this observation is not synonymous with direct protein-protein binding in this soluble 

fraction. Co-immunoprecipitation demonstrated that interactions between YTHDC1 and 

hnRNPG are RNase-dependent in HEK293T chromatin extract and thus that their cellular 

interactions are mediated by an RNA intermediate. Additionally, reports of the two 

protein’s interactions could also be explained by our observation that YTHDC1 can bind 

directly to the CTD of RNAPII.  

The YTH-domain directly recognizes m6A-modified RNA through an internal 

hydrophobic cage also capable of accommodating adenosine at lower affinity (Y. Li et al. 

2021). Reports have shown the YTH-domain of YTHDC1 and YTHDF1-3 also bind directly 

to m1A in RNA (X. Dai et al. 2018), expanding the known versatility of protein-RNA 

interactions mediated by this domain. The data here presented suggests the YTH-domain 

interacts with a separate target, the CTD of RNAPII, independent of its phosphorylation 

state. This indiscriminate CTD-binding sets YTHDC1 apart from hnRNPG, an m6A-reader 

protein that specifically interacts with the phosphorylated CTD of RNAPII, indicative of 

active transcription (Bentley 2014; Zhou et al. 2019). Thus, I propose that m6A-reader 
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proteins’ co-transcriptional interactions with the RNAPII CTD can be regulated by either 

CTD or RNA processing.  

In this model, RNAPII CTD acts as a handle for YTHDC1 until the nascent transcript 

is methylated by the m6A methyltransferase complex, generating a modified site that 

preferentially interacts with YTHDC1, thus ejecting the YTH-domain bound CTD. Because 

most m6A modifications are deposited co-transcriptionally (Barbieri et al. 2018; Ke et al. 

2017; Knuckles et al. 2017; Louloupi et al. 2018), this model accordingly allows for co-

transcriptional regulation of CTD association. This contrasts hnRNPG, which binds 

exclusively to active over inactive RNAPII and can accommodate binding to m6A 

simultaneously with the RNAPII pCTD. Both reader proteins could then act as a handle for 

the assembly of splicing complexes, forming proximal and distal to the polymerase for 

hnRNPG- and YTHDC1-bound m6A sites, respectively.  

 

 

3.4 Materials and methods 

Experimental models and subjects 

Human embryonic kidney (HEK) cell line HEK293T/17 (CRL11268) was obtained from the 

American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) with high glucose and L-glutamine, without sodium pyruvate (HyClone, 

SH30022.01), with 10% FBS and 1% Pen–Strep (Penicillin–Streptomycin) in a 37°C 

incubator at 5% CO2. Transfection of FLAG-tagged YTHDC1 constructs was done using 
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Lipofectamine 2000 (11668019, Thermo) following passage into culture media without 1% 

Pen–Strep as written below.  

FLAG-YTH mutant plasmids were a gift from the Chaun He lab.  

E. Coli expression plasmid was an N-terminal 6x-His tag with a TEV site before the 

construct within a pET28 backbone. Sequence (GGATCC) GGCACCAGCAAGCTGAAATACGT 

GCTGCAGGACGCGCGTTTCTTTCTGATCAAGAGCAACAACCACGAAAACGTTAGCCTGGCGAAG 

GCGAAAGGCGTGTGGAGCACCCTGCCGGTTAACGAGAAGAAACTGAACCTGGCGTTCCGTAGCGC

GCGTAGCGTGATCCTGATTTTTAGCGTTCGTGAAAGCGGTAAATTCCAAGGCTTTGCGCGTCTGA

GCAGCGAGAGCCACCACGGTGGCAGCCCGATTCATTGGGTGCTGCCGGCGGGTATGAGCGCGAAG

ATGCTGGGTGGCGTTTTCAAAATCGACTGGATTTGCCGTCGTGAACTGCCGTTTACCAAGAGCGC

GCACCTGACCAACCCGTGGAACGAGCACAAGCCGGTGAAAATCGGTCGTGATGGCCAGGAGATTG

AACTGGAGTGCGGCACCCAACTGTGCCTGCTGTTCCCGCCGGACGAAAGCATCGATCTGTATCAG

GTTATTCACAAAATGCGTCACTAA(CTCGAG) 

 

3.4.1 FLAG-YTHDC1 purification 

For purification of full-length FLAG-YTHDC1, 4 15 cm plates of HEK293T cells were 

transfected with 60 μg FLAG-tagged plasmid using Lipofectamine 2000 (11668019, 

Thermo) per manufacturer’s protocol. Briefly, for each plate, 3 mL Opti-MEM I Reduced 

Serum Medium with 60 μg FLAG-tagged plasmid (YTHDC1) and 3 mL Opti-MEM I Reduced 

Serum Medium with 100 µL Lipofectamine 2000 were individually mixed and incubated at 

room temperature for 5 minutes, before their combination and an addition 20-minute 

room temperature incubation. The combined 6 mL DNA-Media-Lipofectamine mixture was 
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then added to the cell culture plate, which was then briefly mixed by gentle, manual 

rocking. Cells were incubated in this transfection media for 6 h at 37°C before being 

exchanged for fresh, antibiotic-free medium and incubated for an additional 24 hours.  

Following transfection and incubation, the medium was removed from the plates 

and the cells were washed 3 times with 5 mL of 1x PBS. Each plate of cells was scraped and 

lysed in 2 mL Lysis buffer (Sigma lysis buffer supplemented with 10 µg/ml DNase I, 40 

µg/ml RNase A, 100 U/ml RNase T1, 2 mM MgCl2 and 1% v/v Nacalai protease inhibitor.) 

Cells were lysed and rotated for 2h at 4°C before centrifugation at 17,000 g for 30 minutes. 

To purify the FLAG-tagged protein from this lysate, 300 μL anti-FLAG M2 gel/beads 

(A2220 SIGMA) were first washed and prepared according to their manual. Briefly, for each 

sample 300 μL gently resuspended anti-FLAG M2 gel/beads were transferred to a fresh 

tube. This resin was then at 8,200 x g for 30 seconds, settled, and then the supernatant was 

removed. The packed gel was washed then twice with 2 mL TBS, then with 1 mL 0.1 M 

glycine HCl (pH 3.5), and then a final three washes of 2 mL TBS each. The supernatant was 

once again removed following the packing the resin by centrifugation. Cell lysate 

containing transfected FLAG-YTHDC1 was then added to the anti-FLAG gel tube and 

incubated overnight at 4 °C while rotating. The following day, the resin was centrifuged for 

30 seconds at 8200 x g before washing three times with 1 mL wash buffer (50 mM Tris-HCl, 

pH 7.5, 300 mM KCl, 5% glycerol, 1 mM DTT). To this, 400 µl RNase T1/A mixture (40 

µg/ml RNase A and 100 U/ml RNase T1 in 10 mM Tris-HCl pH 7.5, 300 mM NaCl, 2 mM 

MgCl2, 1× protease inhibitor, 1 mM DTT, 0.1 U/µl DNase I) was added, then the sample was 

incubated at 800 rpm for 1 hour. The gel was then centrifuged for 30 seconds at 8200 x g, 

the supernatant removed, and subjected to an additional three washes in 1 mL wash buffer 
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each. To elute the protein, 1 mL wash buffer containing 300 µg FLAG peptide (Sigma, 

F3290) was added and then the resin was incubated at 4°C for 1 hour. Following another 

centrifugation, the supernatant was transferred to a fresh microcentrifuge tube before 

being concentrated by Amnicom 3 kDa cut-off filter. Protein identity was validated by SDS-

PAGE and subsequent protease treatment, in addition to western blotting (see below).  

3.4.2 hnRNPG-YTHDC1 spin assay 

Full-length hnRNPG protein (see Chapter 2) ± full-length FLAG-YTHDC1 were pre-

mixed at 0.5 M NaCl, then transferred to 0.15 M NaCl followed by centrifugation at 17000 x 

g for 30 minutes. Initial binding mixtures were generated by adding 2.45 μl of ~5 μM 

YTHDC1 in in storage buffer (10 mM TrisHCl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 10% 

v/v glycerol) to 1.1 μl of either 9.2 or 18.4 μM hnRNPG in storage buffer (10 mM TrisHCl 

(pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 10% v/v glycerol) and 2.45 μl of 2x Buffer A (40 mM 

TrisHCl (pH 7.4), 1 M NaCl, 5 mM MgCl2, 0.4 mM EDTA). The binding mixtures were rotated 

overnight at 4 °C overnight in a total volume of 6 μl. 

Protein precipitation was initiated by diluting binding mixtures to final 150 NaCl by 

adding 14 μL Buffer B (20 mM Tris-Cl (pH 7.4), 0 mM NaCl, 2.5 mM MgCl2, 0.2 mM EDTA). 

These diluted binding mixtures were rotated for 1 hour at 4 °C in a total volume of 20 μL. 

The binding mixtures were then centrifuged for 1 hour at 17,000 g and 4 °C to pellet. 

Supernatant was separated from the pellet, and the pellet was resuspended in 20 μL Buffer 

B. 20 μL of 2x LDS (NP0008, Thermo), 50 mM EDTA was then added to each sample, and 

they were then incubated at 95 °C for 10 min. 20 μL of each sample was then loaded onto 

12-well 4–12% polyacrylamide Bis-Tris gels (NP03322, Invitrogen) alongside a Novex™ 
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Sharp Pre-stained Protein Standard (LC5800, Thermo) and ran at 150V for 1 hour. The gels 

were then silver stained using the Pierce™ Silver Stain Kit (24612, Thermo). Gels were 

imaged using a UVP BioDoc-It™ Imaging System. The intensities of each band were 

quantified using Image Studio software. 

 

3.4.3 Chromatin CoIP 

Preparation of HEK293T chromatin extraction was performed based on a published 

protocol (Brugiolo et al. 2017) following washing and collecting cells in ice-cold 1x PBS. 

Briefly, following collection in 1x PBS, cells were pelleted by centrifugation and then 

resuspended by flicking in 1.8 mL ice-cold NP-40 cytoplasmic lysis buffer (10 mM Tris-HCl 

(pH 7.5), 0.15% v/v NP40, 150 mM NaCl, 1% protease and phosphatase inhibitor (78440, 

Thermo)) prior to a 5-minute incubation on ice. The cell lysate was pipetted onto 2.5 

volumes of sucrose cushion (NP-40 cytoplasmic lysis buffer in 24% w/v sucrose) pre-

cooled to 4°C then centrifuged at 16,000 × g for 10 minutes at 4°C. The supernatant, 

containing the cytoplasmic fraction, was removed, and saved for downstream analysis. To 

wash the now pelleted nuclei, 1 mL of ice-cold wash buffer (0.1% v/v Triton X-100, 1 mM 

EDTA, 1x PB) was added and the pellet resuspended prior to 1-minute centrifugation at 

1,200 x g.  

Washed nuclei were resuspended in 200 μL glycerol buffer (20 mM Tris-HCl (pH 

8.0), 75 mM NaCl, 0.5 mM EDTA, 50% v/v glycerol, 0.85 mM DTT) and then mixed with 200 

mL nuclei lysis buffer (1% v/v NP-40, 20 mM HEPES (pH 7.5), 300mM NaCl, 1M Urea, 

0.2mM EDTA, 1mM DTT) followed by thorough pulse-vortexing and a subsequent 15-
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minute incubation on ice. The sample was then centrifuged at 12,000 x g for 10 minutes at 

4°C and the supernatant saved as the nuclear extract fraction. The pelleted chromatin was 

then rinsed with 1 mL ice-cold 1x PBS supplemented with fresh 1 mM EDTA prior to 

digestion in 120 μL chromatin extraction buffer (20 mM Tris-Cl (pH 7.5), 100 mM KCl, 2 

mM MgCl2, 2.5 mM CaCl2, 0.3 M sucrose, and 0.1% v/v Triton X-100, 1% protease and 

phosphatase inhibitor) by 5 U/mL Micrococcal Nuclease (N3755, Sigma) at 4°C for 2 hours. 

5 mM of EDTA was added to quench the digestion and the solution was centrifuged at 2000 

x g for 10 minutes at 4°C to collect the supernatant containing the chromatin extract 

fraction. RNase treatment was performed by adding 2 μL RNase A/T1 Mix (2 mg/mL RNase 

A, 5000 U/mL RNase T1, ThermoFisher EN0551) and incubating for 30 minutes at 37°C.   

For chromatin immunoprecipitation, 1/20 v/v anti-YTHDC1 (ab122340) or anti-

hnRNPG (abcam 190352) was added to the chromatin extract to a final volume of 90-100 

μl. Protein A beads (Thermo 10001D) were washed in 200 μL Wash Buffer (300 mM NaCl, 

100 mM Tris (pH 8.0), 0.2 mM EDTA, 0.1% Triton X-100) and then resuspended in Wash 

Buffer (~0.05 mg/μl, such that 1.5 mg is contained in 30 μL) and rotated for 2 hours at 4°C. 

The beads were then collected, and the supernatant removed using a magnetic rack prior to 

being washed four times with 200 μL ice-cold Wash Buffer each wash. The sample was then 

eluted by boiling in 30 μL 4x LDS at 95°C for 5 minutes. 20 μl of each sample was then used 

for SDS-PAGE and western blot (see below).  
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3.4.4 His-YTH purification 

Transformation was performed on high-efficiency T7 Express competent E. Coli cells 

(C2566H) with 100 ng plasmid per manufacturer’s instructions. Briefly, cells and plasmid 

DNA were incubated on ice for 30 minutes, prior to 45 second heat shock at 42°C. The 

tubes then recovered from heat shock on ice for 6 minutes and were then grown in 1 mL LB 

at 37°C, 225 rpm for 60 minutes. Transformed cells were plated on ampicillin plates and 

incubated at 37°C overnight. One colony was picked and put into 5 mL LB medium (1/1000 

v/v Ampicillin) then grown overnight at 37°C in a shaking incubator. Induced from this 

overnight culture, a total of 1L culture was grown to an OD600 of 1 prior to a 12-hour 

induction by 1 mM IPTG at 16°C.  

The culture medium was then centrifuged, which resulted in a pellet resuspended in 

30 mL Binding Buffer (1x Native Purification Buffer, pH 8, R901-01) by pipetting. This was 

then sonicated on ice in a pattern of 3 seconds on followed by 9 seconds off for 2 minutes.  

The lysate was then centrifuged at 3,000 x g for 15 minutes and the supernatant 

transferred to a new tube to remove debris. To prepare the affinity purification column 

(R90115, Thermo), Ni-NTA agarose was resuspended by inversion, then 1.5 mL of the gel 

was pipetted into a 10-mL column. The supernatant was removed after the resin settled by 

gravity. To the settled resin, 6 mL water was added, allowed to settle again, and again the 

supernatant was aspirated. The column was then washed twice in an identical manner 

using 6 mL Native Binding Buffer. 8 mL cell lysate was then added and incubated for 60 

minutes. Following binding, the resin settled by gravity and the supernatant was removed. 

The resin was then washed four times with 8 mL Native Wash Buffer. After washing, 

protein was eluted by addition of 8 mL Native Elution Buffer (1x Native Purification Buffer, 
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4M Imidazole, pH 4) and collected in 1 mL fractions. Four columns were run total; fractions 

were then pooled and analyzed on SDS-PAGE. Elution fractions 3, 4, and 5 were pooled 

together before being concentrated with an Amicom 3 kDA MWCO column. Samples were 

then loaded onto a size exclusion column and 60 fractions were collected in 20 mM Tris 

(pH 7.5), 150 mM NaCl following a published protocol (Woodcock et al. 2020). 

 

3.4.5 In vitro pulldown 

500 ng GST–CTD (SRP2120, Sigma) was phosphorylated by 240 ng of CDK7–Cyclin 

H–MNAT1 (PV3868, Thermo) or CDK9–Cyclin T1 (14–685, Sigma) in a total of 20 μL 8 mM 

3-(N-morpholino) propanesulfonic acid (MOPS) (pH 7), 0.2 mM EDTA, and 1 mM 

MgCl2 supplemented with freshly added 0.1 mM ATP and 0.25 mM DTT. The reaction was 

incubated at 30 °C for 1 hour. Control reactions without GST–CTD, without kinase, or 

without ATP were incubated under the same conditions.  

This 20-μL phosphorylation reaction was combined with 75 μL of wash buffer (300 

mM NaCl, 100 mM Tris-Cl (pH 8), 0.2 mM EDTA, and 0.1% v/v Triton X-100), 240 pmol of 

YTH in 5 μL of storage buffer (10 mM Tris-Cl (pH 7.4), 500 mM NaCl, 2.5 mM MgCl2, 10% 

v/v glycerol), and then rotated at 4°C overnight in a total volume of 100 μL. One tenth (10 

μL) of the binding mixture was saved as the input.  

To this mixture, 20 μg/mL anti-6x His antibody (ab137839) was added and then 

rotated overnight. Protein A/G Dynabeads were then added to a total of 20 μL per sample 

followed by 4-hour rotation; Dynabeads were washed four times in 200 μL Binding Buffer 

before use. The samples were eluted by boiling at 95°C for 5 minutes in a total of 40 μL 
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1xLDS supplemented 100 mM DTT and the supernatant containing eluted protein was 

removed separated from the protein A/G Dynabeads using a magnetic rack; 12 μL of each 

sample was then used for western blot (below). 

3.4.6 Western blot 

Samples were loaded onto 12-well 4–12% polyacrylamide Bis-Tris gels (NP03322, 

Invitrogen) and ran at 150V for 1 hour. The gels were then transferred to polyvinylidene 

fluoride membranes (IPVH00010, Millipore). Following transfer, membranes were blocked 

overnight in 10% w/v milk (1706404, Bio-Rad). The blots were probed with 1/1000 v/v 

anti-YTHDC1 (ab122340), 1/1000 v/v anti-hnRNPG (ab190352), 1/1000 v/v anti-FLAG 

(anti-DDDDK, ab1162), anti-6x-HIS (ab137839), anti-GST (Cell Signaling Technology, 

2624), anti-SNRP70/U1-70k (ab83306), anti-Histone H3 (96C10) (Cell Signaling 

Technology, 96C10) followed by 1/10000 v/v sheep anti-mouse IgG (NA931V, Cytiva) or 

1/10000 v/v donkey anti-rabbit IgG conjugated to horseradish peroxidase (NA934V, 

Cytiva). For GAPDH, the blot was visualized directly by HRP-conjugated anti-GAPDH (GA1R, 

Thermo). The blots were then visualized with ECL Prime Western Blotting Detection 

Reagents (RPN2232, Amersham) using a BioRad ChemiDoc MP 
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Chapter 4 

m6A-dependent coordination of mRNA and tRNA 

Acknowledgments: This chapter is derived from unpublished data inspired by a co-

authored publication in Nature Communications (C. P. Watkins et al. 2022). I would like to 

thank Dr. Chris Katanski for assistance with coding, Dr. Chris Watkins for his development 

of MSR-Seq, Mateusz Halucha for sequencing knockdown samples, and Noah Peña for data 

visualization in Figure 4.3.  

 4.1 Introduction 

Transfer RNAs (tRNAs) are the most abundant family of small non-coding RNAs 

acting as adaptors during protein production, decoding the sequence information 

contained in the anticodon-paired mRNA by providing the cognate amino acid. Owing to 

their central role in translation, tRNAs are essential in cellular proliferation, fitness, and 

adaptation (Pan, T., 2018). tRNA’s properties in translation can be regulated through their 

expression, including at the level of transcription by RNA Polymerase III, aminoacylation 

(charging), and chemical modification (C. P. Watkins et al. 2022). Thus, understanding the 

properties of tRNA is essential to our understanding of gene regulation. 

Crucial functional diversity is imparted to tRNA through chemical modification. 

Human tRNA contains 13 chemical modifications on average (Tsutomu Suzuki 2021) which 

each fine-tunes many of the tRNA’s properties, including stability, localization, and folding 

(C. P. Watkins et al. 2022).  Mutations in tRNA modification enzymes have been linked to 
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several cancers (Tsutomu Suzuki 2021), underscoring the importance of regulating the 

tRNA modification landscape.   

Accurate measurement of tRNA properties has been complicated by incompatibility 

with most common RNA-sequencing methods. The abundantly modified tRNA body 

combined with higher-order structures produces incomplete reverse transcription 

products during sequencing incompatible with downstream analysis (C. P. Watkins et al. 

2022). Our group developed a multiplex small RNA-seq library preparation method (MSR-

seq) to measure the properties of small RNAs, including tRNA. We demonstrated the use of 

MSR-seq to simultaneously measure tRNA abundance, charging, modification, and 

fragmentation in response to stress treatments (C. P. Watkins et al. 2022).   

Motivated by our advancements in small RNA sequencing, I investigated whether 

tRNA properties were subject to regulation by N6-methyl-adenosine (m6A) in RNA (m6A-

RNA). Cellular m6A levels are dynamically and co-transcriptionally regulated by the 

opposing actions of methyltransferase (‘writer’) and demethylase (‘eraser’) proteins 

(Roundtree, Evans, et al. 2017).   Following deposition by the m6A methyltransferase 

complex (MTC), a heterodimer of METTL3 and METTL14 (Xiang Wang et al. 2016), the 

modification can be recognized by an m6A-reader protein, allowing m6A to impart its 

downstream effect on gene regulation (Roundtree, Evans, et al. 2017). Two reader proteins 

include YTH N6-Methyladenosine RNA Binding Protein C1 (YTHDC1) and heterogeneous 

nuclear ribonucleoprotein G (hnRNPG), they primarily localize in the nucleus and are 

involved in phase separation (Zhou et al. 2019). The involvement of m6A in mRNA on 

regulation of tRNA is not understood and represents a potential connection between mRNA 

modification and tRNA modification. I, therefore, aimed to perform a broad initial 
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bioinformatic survey on the involvement of m6A writers and reader proteins on tRNA 

regulation to take advantage of our MSR-Seq platform.  

 

4.2 Results 

4.2.1. tRNA modification enzyme transcript abundance is disrupted on m6A writer 

and reader knockdown  

Chemical modifications of tRNA fine-tune crucial properties and function (C. P. 

Watkins et al. 2022). Our MSR-Seq platform allows for simultaneous measurement of tRNA 

abundance, charging, fragmentation, and modification, motivating our studies on the mRNA 

transcripts of the tRNA modification enzymes. I aimed to analyze the expression of tRNA 

modification enzymes in existing datasets following knockdown of m6A writer and reader 

proteins in existing data sets to examine the m6A-dependence of these transcript’s 

regulation (GSE 56010).  

Knockdowns were performed on both components of the core MTC heterodimer, 

METTL3, and METTL14, in addition to the m6A reader heterogeneous nuclear 

ribonucleoproteins C1/C2 (HNRNPC) in HEK293T cells. First, reads were mapped to the 

human genome from control and knockdown mRNA-seq data, generating a transcript read 

count for each gene in each knockdown condition. The data was then filtered for reads 

mapped to tRNA enzyme transcripts; transcript abundance for each knockdown condition 

was calculated relative to the negative control and visualized by heatmap (Figure 4.2.1a).  

This analysis shows that the mRNA expression of tRNA modification enzymes is 

disrupted following the knockdown of either m6A writer or reader proteins. To account for 
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potential false positives in the data, I applied additional filters (Figure 4.2.2b). The average 

transcript enrichment following METTL3 and METTL14 knockdown was taken (‘MTC 

Average’) and used to classify the dataset; for the set of transcripts with ‘MTC Average’ > 1, 

transcripts where METTL3 or METTL14 KD relative abundance < 1 were omitted. For MTC 

average < 1, data sets where METTL3 or METTL14 KD abundance >1 were omitted. This 

filter removes transcript hits whose abundance is differentially disrupted depending on 

which component of the MTC core heterodimer is knocked down. Additionally, transcripts 

with an ‘MTC Average’ between 0.95-1.10 were removed.   

The number of tRNA enzymes for each modification with altered abundance was 

then counted following filtering (Figure 4.2.1c). A majority of affected enzymes target the 

methoxycarbonylmethyl-2-thiouridine (mcm5s2U) pathway, including components of the 

Elongator Complex composed of ELP1-6 proteins. Thus, the analysis here supports m6A-

dependent regulation of tRNA enzyme transcripts involved in installing mcm5s2U and its 

derivatives at the tRNA wobble U34 position. Additionally, THUMPD1 (ac4C) and TARBP1 

(Gm) have the highest enrichment and depletion following MTC knockdown. Sorting by 

enrichment following knockdown of m6A reader protein hnRNPC shows that THUMPD1 

(ac4C) is the most enriched mRNA transcript, with TARBP1 (Gm) being the most depleted, 

matching with the MTC knockdown data.  This concurrence may suggest that regulation of 

these tRNA modification enzyme transcript’s abundance is both m6A- and hnRNPC-

dependent. Taken together, our analysis supports m6A-dependent regulation of tRNA 

modification enzyme transcripts.  
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Figure 4.2. 1 tRNA modification enzyme transcript abundance is disrupted on m6A 
writer and reader knockdown. (a). RNA-seq data filtered to reads mapping to tRNA 
enzyme transcripts following knockdown of METTL3, METTL14, hnRNPC, or with a 
negative control siRNA was visualized by heatmap. The proportion of total reads mapped 
to each enzyme transcript in experimental condition knockdowns was normalized to the 
control knockdown condition to calculate “relative transcript abundance,” or abundance of 
a transcript in the experimental relative to control conditions. Enzyme transcript names 
are listed along with the modification their act on. (b) Heatmap generated in a further 
filtered to remove transcripts where a change in relative abundance shows differential 
dependence on METTL3 and METTL14. (c). Quantification of modification targets of 
enriched (relative transcript abundance > 1.1) and depleted (relative transcript abundance 
< 0.9) transcripts following knockdown of METTL3 or METTL14. (d).  As in c but following 
hnRNPC knockdown.  

 
 
 

4.2.2 hnRNPG-PAR-CLIP data analysis shows enrichment and depletion of certain 

tRNAs 

MSR-seq has enabled accurate measurement of tRNA abundance, which motivated 

exploratory bioinformatic analyses of existing datasets. Heterogeneous nuclear 

ribonucleoprotein G (hnRNPG) is an RNA-binding protein involved in the formation of 

subnuclear RNA processing bodies. We previously established that hnRNPG acts in co-

transcriptional regulation of m6A-dependent pre-mRNA splicing, during which we 

generated hnRNPG-PAR-CLIP datasets (Zhou et al. 2019; Brugiolo et al. 2017). I analyzed 

this previously published PAR-CLIP data to gain insight into potential interactions between 

hnRNPG and tRNA (GSE74085, GSE114311).  

The hnRNPG-PAR-CLIP reads were mapped to the library of human tRNAs, which 

allowed for the calculation of the abundance of mapped reads by normalizing to the total 

read count. hnRNPG-PAR-CLIP tRNA abundances were then compared to tRNA abundances 

determined by from MSR-Seq (C. P. Watkins et al. 2022). We found that hnRNPG-PAR CLIP 



 

80 
 

enriches (log2(PAR-CLIP abundance/MSR-Seq Abundance > 1) specific isoacceptors 

relative to MSR-Seq (eg. CysGCA, GlnTTG, HisGTG, SerCGA) and depletes (log2(PAR-CLIP 

abundance/MSR-Seq Abundance < -1) many others (eg ArgCCG, ArgTCG, LeuCAA, IleTAT, 

ThrAGR) (Figure 4.2.2a). Interestingly, hnRNPG-PAR-CLIP enriches the abundance of 

many mitochondrial tRNAs (mt-tRNAs), depleting only a select few (eg. mtArgTCG) (Figure 

4.2.2b). Taken together, our data suggest that hnRNPG interacts with a specific subset of 

human tRNAs as well as many mt-tRNAs.  

Given the previously established ability of both hnRNPG (Chapter 2) and YTHDC1 

(Chapter 3) to directly interact with RNA Polymerase II, these reader proteins may 

represent a platform for crosstalk and coordination of activities between multiple 

polymerases. Therefore, I asked whether YTHDC1 was able to interact with components of 

RNA Polymerase III.  To test this hypothesis, anti-FLAG immunoprecipitations were 

performed following transfection with either empty FLAG or FLAG-YTHDC1 constructs. 

The data show that RNA Polymerase III Subunit A (POLR3A) co-immunoprecipitates with 

FLAG-YTHDC1 in HEK293T cells following lipofectamine transfection. This offers support 

for the hypothesis that m6A-reader proteins can interact with RNAPIII where they can 

potentially mediate crosstalk to RNAPII, and taken together with our support for hnRNPG-

tRNA interactions implicates m6A reader proteins in tRNA processing.  
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Figure 4.2. 2 hnRNPG-PAR-CLIP data analysis shows the enrichment and depletion of 
certain tRNAs (a). Heatmap showing tRNAs enriched and depleted in hnRNPG-PAR-CLIP 
relative to MSR-Seq data. Abundance for both hnRNPG-PAR-CLIP and MSR-Seq reads were 
calculated relative to the sum of total reads, and enrichment was calculated by taking the 
log2 ratio of the two abundances, where > 1 (red) corresponds to enrichment and < -1 
(blue) corresponds to depletion. Isoacceptors and their cognate amino acids are labeled. 
(b). As in a, but visualizing mt-tRNA enrichment rather than human tRNA enrichment. c. 
POLR3A pulled down with YTHDC1. (c). Western blot shows RNAPIII component POLR3A 
co-precipitates with FLAG-YTHDC1 during anti-FLAG immunoprecipitation. Membranes 
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were blotted against POL3RA (top) and FLAG (for FLAG-YTHDC1, bottom). Lanes from left 
to right: (1) Input, cells transfected with empty FLAG non-coding vector (NCV); (2) Input, 
cells transfected with the full-length FLAG-YTHDC1 construct; (3) Immunoprecipitation 
performed with isotype negative control antibody to control for isotype non-specific 
interactions of the anti-FLAG antibody; (4-5) Anti-FLAG immunoprecipitation following 
transfection with either the empty FLAG vector or full-length FLAG-YTHDC1 construct, 
respectively.  

 

4.2.3 MSR-Seq supports possible role of m6A in tRNA m3C modification 

 The preliminary bioinformatic survey here performed on m6A writers and readers 

broadly supports a connection between these proteins and tRNA regulation. We performed 

MSR-Seq following knockdown (KD) of METTL3, METTL14, hnRNPG, YTHDC1, or a 

scrambled control RNA to better understand the importance of m6A writers and readers on 

the tRNA landscape. We found that writer and reader knockdown showed little global 

change in tRNA abundance, but that specific tRNAs were enriched (Fig 4.2.3a). One such 

isoacceptor is LysTTT, whose abundance was increased following METTL3 KD. 

Interestingly, our PAR-CLIP analysis supports hnRNPG interaction with this isoacceptor 

(Figure 4.2.2a).  

Methyl-3-cytosine (m3C) can occur at position 32 in the anticodon loop of tRNASer, 

tRNAThr, tRNAArg(CCT), tRNAArg(TCT) written by METTL2A, METTL2B, METTL6, or at 

position 47d(e2) in the variable of the loop of tRNASer and tRNALeu(CAG) with an unknown 

writer (Bohnsack et al. 2022). Knockdown of hnRNPG, METTL3, and METTL14 had a 

modest impact on the mutation rate at position 32, but the effect was more dramatic at 

position 47d, implying a global change in modification levels at this site (Figure 4.2.3b). 

Knockdown of hnRNPG and METTL3 increased the abundance of tRNALeu(CAG)/tRNASer 

isodecoders with C47d at position 47d relative to tRNASer with T47d (Fig 4.2.3c). This data 
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suggests hnRNPG may be involved in regulating the abundance of m3C47d in an m6A-

dependent manner, and further supports the importance of m6A writer and reader proteins 

in tRNA processing.  

 
 

  
Figure 4.2. 3 MSR-Seq supports the possible role of m6A in tRNA m3C modification (a). 
tRNA abundance change following si-hnRNPG, si-METTL14, si-METTL3 or si-YTHDC1 
transfection in YTHDC1 relative to s as determined by MSR-Seq. Abundance ratios 
normalized to si-Ctrl. Isoacceptors whose abundance is significantly changed on writer or 
reader knockdown are listed as points in the boxplot. (b). m3C modification determined by 
the change in mutation rate (writer/reader siRNA KD – siCTRL). Red: m3C47d(e2) modified 
tRNASer/Leu isodecoders.  Blue: tRNASer isodecoders with U47d(e2) sequence. (c). The 
abundance of tRNA’s containing C (site of m3C47d modification) or T at position 47d 
following m6A writer or reader knockdown normalized to the siCTRL. tRNA with cytosine 
at position 47d have their abundance significantly increased following the knockdown of 
hnRNPG or METTL3.  
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4.3 Conclusions 

Data collection has historically been a rate-limiting step in research, but 

advancements in high-throughput sequencing have generated an abundance of datasets 

that have yet to be fully analyzed. Our development of a multiplex small RNA-seq library 

preparation method (MSR-seq) (C. P. Watkins et al. 2022) motivated testing the connection 

of general tRNA processing to the system of m6A writers and readers explored through this 

thesis. The aim of this broad bioinformatic survey on the properties of tRNA and their 

processing factors on the m6A machinery was to provide initial evidence for or against the 

m6A-dependence of tRNA expression and modification, which can be used to inform future 

mechanistic inquiries. Indeed, these “fishing experiments” provide preliminary 

corroboration that the m6A modification connects properties of mRNA to tRNA.  

Bioinformatic analysis of m6A writer and reader knockdown datasets showed 

transcript abundance of THUMPD1 was the most enriched of all tRNA modification 

enzymes following knockdown of METTL3, METTL14, or HNRNPC. THUMPD1 is a 

conserved adaptor that regulates the production of tRNA N4-acetylcytidine (ac4C) by the 

catalytic RNA cytidine acetyltransferase, NAT10 (Sharma et al. 2015). The THUMPD1 

promoter has transcription factor binding sites for heterogeneous nuclear 

ribonucleoproteins L and H1 (hnRNPL and hnRNPH1, respectively) (Fishilevich et al. 

2017), which supports the involvement of hnRNPs, a group of proteins associated with 

forming membrane-less processing bodies, in THUMPD1 regulation. In relation to health 

and disease, mutation of THUMPD1 results in syndromic intellectual disability (Broly et al. 

2022).  In contrast to the enrichment of ac4C adapter THUMPD1, TARBP1 transcripts, 
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which act on 2′O-methylation of G34 (de Crécy-Lagard et al. 2019), were the most depleted 

of all tRNA modification enzymes following METTL3, METTL14 or HNRNPC knockdown.  

The most consistent targeted modification by affected enzymes following writer or 

reader knockdown (Figure 4.2.1c, d) was methoxycarbonylmethyl-2-thiouridine 

(mcm5s2U) and its derivates, a modification at the tRNA U34 wobble position in 

tRNAGlu/Gln/Lys isoacceptors. Analysis of hnRNPG-PAR-CLIP data suggests that hnRNPG 

interacts with tRNAGln(TTG) and tRNALys(TTT) which can contain mcm5s2U. The generation 

of mcm5s2U occurs through a series of biological intermediates (Lentini, Ramos, and Fu 

2018). While the exact atomic mechanism is unknown, it is known the elongator complex 

generates initial 5-carbonylmethyluridine(cm5U) and 5-carbamoylmethyluridine (ncm5U) 

at the site of interest (Karlsborn et al. 2016; Kolaj-Robin and Séraphin 2017; Lentini, 

Ramos, and Fu 2018). The bioinformatic analysis here presented shows that the 

knockdown of core m6A writers and reader hnRNPC lead to an increase in transcript 

abundance for elongator complex subunits ELP1, 3, and 4 (Figure 4.2.1b). This analysis 

suggests the involvement of m6A in regulating elongator complex formation as part of 

mcm5s2U production at the wobble position, and by extension suggests an indirect 

involvement of m6A in mRNA decoding.  

Interestingly, our analyses of hnRNPG-PAR-CLIP demonstrated enrichment of both 

specific human tRNAs and many mt-tRNAs (Figure 4.2.2a, b), which suggests these tRNAs 

interact directly with hnRNPG. While hnRNPG is not localized to mitochondria, the 

mechanism by which the nucleus and the mitochondria communicate is not fully 

understood (Shaukat et al. 2021). It is thought mt-tRNA may be further processed in the 

cytoplasm to enable nuclear crosstalk (Bruni, Lightowlers, and Chrzanowska-Lightowlers 
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2017; Jády, Ketele, and Kiss 2018), and that part of this crosstalk is enabled by the 

generation of mitochondrial tRNA fragments (mt-tRFs) (Shaukat et al. 2021). It is possible 

that hnRNPG is part of the crosstalk between the mitochondria and the processing in the 

nucleus, acting as a platform to interact with mt-tRNAs.   

An outstanding question in the field is how eukaryotic polymerases coordinate their 

transcriptional activities. Our observations that m6A-reader proteins can interact directly 

with RNAPII (Chapters 2, 3) lead to the hypothesis that these reader proteins may also 

interact with RNA polymerase III, thus enabling crosstalk to coordinate transcription 

between the two polymerases. The anti-FLAG immunoprecipitation here shows that RNA 

Polymerase III Subunit A (POLR3A) co-immunoprecipitates with FLAG-YTHDC1 in 

transfected HEK293T cells, similarly to its co-precipitation of the RNA Polymerase II CTD 

(Chapter 3). While the RNase dependence or the impact of the FLAG-tag on POLR3A 

pulldown was not tested, this IP result offers preliminary evidence for RNAPII-RNAPIII 

cross-talk mediated by YTHDC1, although whether this interaction with RNAPIII is a direct 

protein-protein interaction remains to be answered.  

Our MSR-Seq data demonstrated a potential connection between m6A and tRNA 

methyl-3-cytosine (m3C), particularly at position 47d(e2). m3C47d occurs in the variable of 

loop of tRNASer; therefore, our data is further supported by observed enrichment of SerCGA 

reads in the hnRNPG-PAR-CLIP data. However, there is currently no known writer of 

m3C47d (Bohnsack et al. 2022), which makes it challenging to study the mechanism by 

which m6A regulates m3C47d levels. Still, this data provides further support for regulation 

of tRNA modification by m6A. 
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In summary, I performed a bioinformatic survey to generate potential connections 

between tRNA and m6A-writers and readers and identified several possible candidates. 

These analyses suggest interactions between m6A reader protein YTHDC1 and RNAPIII, 

reader protein hnRNPG interactions with both human and mitochondrial tRNA, 

involvement of m6A writers METTL3 and METTL14 as well as reader hnRNPC on regulating 

tRNA modification enzyme transcript abundance, particularly those relating to mcm5s2U 

and its derivatives, and between m6A writers and readers on the regulation of tRNA 

m3C47d abundance.  

 

4.4 Materials and Methods 

4.4.1. tRNA modification enzyme abundance data analysis  

Previous METTL3, METTL14, hnRNPC, and control knockdown RNA-seq data was 

analyzed (GSE56010). Total reads mapped to the human genome were first calculated for 

later normalization, and then the data was filtered for reads which mapped to known or 

predicted tRNA enzymes. For each gene, the abundance was determined by normalization to 

total read count. Relative abundance following knockdown relative to the control was taken 

by dividing normalized experimental knockdown read abundance to normalized control 

knockdown read abundance. A three color heatmap (red-white-blue) was generated using 

bbplot showing relative reads. Data was further filtered using ‘MTC Average,’ the average 

transcript enrichment following METTL3 and METTL14 knockdown to remove genes whose 

expression was differentially disturbed in each MTC knockdown condition. For the set of 

transcripts with ‘MTC Average’ > 1, transcripts where METTL3 or METTL14 KD relative 
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abundance < 1 were omitted. For MTC average < 1, data sets where METTL3 or METTL14 

KD abundance >1 were omitted. Transcripts with ‘MTC Average’ values between 0.95-1.10 

were additionally removed to account for noise.   

4.4.2 hnRNPG-PAR-CLIP data analysis 

 PAR-CLIP-hnRNPG datasets (GSE74085, GSE114311) were uploaded to UChicago’s 

midway2 cluster for analysis. bowtie2 (2.3.3.1) was used to align filtered reads to both 

human and mitochondrial tRNA (Langmead and Salzberg 2012). The total read counts for 

all reads mapped to tRNA was calculated and used to normalize reads of each tRNA gene. 

hnRNPG-PAR-CLIP data was compared to MSR-seq data (C. P. Watkins et al. 2022) for 

which reads for each tRNA gene were likewise normalized to the sum of total tRNA reads. 

Following this, enrichment was calculated by log2(hnRNPG-PAR-CLIP/MSR-Seq) where a 

value > 1 corresponds to enriched and a value < -1 corresponds to depleted. Data was 

separated into mt-tRNA and human tRNA and a three-color (red-white-blue) heatmap was 

generated by Microsoft Excel.  

4.4.3 FLAG-YTHDC1 Immunoprecipitation 

For FLAG-YTHDC1 transfection, 15 cm plates of HEK293T cells were transfected 

with 60 μg FLAG-tagged plasmid using Lipofectamine 2000 (11668019, Thermo) per 

manufacturer’s protocol. Briefly, both 3 mL Opti-MEM I Reduced Serum Medium with 60 μg 

FLAG-tagged plasmid (YTHDC1) and 3 mL Opti-MEM I Reduced Serum Medium with 100 µl 

Lipofectamine 2000 were individually mixed and incubated at RT for 5 minutes. The two 

mixtures were then combined and incubated for an additional 20 minutes at RT, before the 

combined 6 mL DNA-Lipofectamine-2000-Medium mix was added to the cell culture plate 
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and mixed gently by rocking back and forth. Cells were initially incubated for 6 h at 37°C 

before having medium changed to a fresh, antibiotic-free medium and cultured for an 

additional 24 hours.  

Anti-FLAG (ab122340) was added to the lysate to a total volume of 90-100 μL /100 

mM plate of cells. The mixture was then rotated overnight at 4°C. Protein A (Thermo 

10001D) were washed in 200 μL Wash Buffer (300 mM NaCl, 100 mM Tris (pH 8.0), 0.2 

mM EDTA, 0.1% Triton X-100) and then resuspended in Wash Buffer (~0.05 mg/μL, such 

that 1.5 mg is in 30 μL) and rotated for 2 hours at 4°C. The beads were then collected, and 

the supernatant removed using a magnetic rack before being washed four times with 200 

μL ice-cold Wash Buffer. The sample was then eluted by boiling in 30 μL 4x LDS at 95°C for 

5 minutes. 20 μL of each sample was then used for SDS-PAGE and western blot.  

Samples loaded onto 12-well 4–12% polyacrylamide Bis-Tris gels (NP03322, 

Invitrogen) and ran at 150V for 1 hour. The gels were then transferred to polyvinylidene 

fluoride membranes (IPVH00010, Millipore). The membranes were blocked in 10% w/v 

milk (1706404, Bio-Rad). The blots were probed with 1/1000 v/v anti-YTHDC1  

(ab122340), 1/1000 v/v anti-hnRNPG (ab190352), The blots were probed with 1/1000 

v/v anti-YTHDC1 (ab122340), 1/1000 v/v anti-hnRNPG (ab190352), 1/1000 v/v anti-

FLAG (anti-DDDDK, ab1162), anti-6x-HIS (ab137839), anti-GST (Cell Signaling Technology, 

2624), anti-SNRP70/U1-70k (ab83306), anti-Histone H3 (96C10) (Cell Signaling 

Technology, 96C10) followed by 1/10000 v/v sheep anti-mouse IgG (NA931V, Cytiva) or 

1/10000 v/v donkey anti-rabbit IgG conjugated to horseradish peroxidase (NA934V, 

Cytiva). For GAPDH, the blot was visualized directly by HRP-conjugated anti-GAPDH (GA1R, 
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Thermo). The blots were then visualized with ECL Prime Western Blotting Detection 

Reagents (RPN2232, Amersham) using a BioRad ChemiDoc MP 

 

4.4.4 MSR-seq sample preparation  

Human embryonic kidney (HEK) cell line HEK293T/17 (CRL11268) was obtained 

from the American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) with high glucose and L-glutamine, without sodium pyruvate 

(HyClone, SH30022.01), with 10% FBS and 1% Pen–Strep (Penicillin–Streptomycin) in a 

37°C incubator at 5% CO2. Transfection of siRNA was done using Lipofectamine 2000 

(11668019, ThermoFisher) following passage into culture media without 1% Pen–Strep. 

For each knockdown condition, two 10 cm plates were each transfected using 30 uL 

Lipofectamine 2000 and 600 pmol siRNA (METTL3: Qiagen Cat. No. SI04137096 FlexiTube 

siRNA; METTL14: Qiagen Cat. No. SI00459942 FlexiTube siRNA; hnRNPG Qiagen Cat No. 

SI00700077 FlexiTube siRNA) after diluting into 3.0 mL Gibco™ Opti-MEM™ I Reduced 

Serum Medium (Cat. No. 31985-062). Transfections were incubated for 37°C incubator at 

5% CO2 for 48 hours. RNA purified by Trizol Reagent was sequenced with by Mateusz 

Halucha per (C. P. Watkins et al. 2022) and data analysis performed with Noah Peña, who 

generated the graphs used in Figure 4.2.3. 
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Chapter 5 

Simultaneous m6A and Pseudouridine Nanopore Profiling Reveals 

Coordination in Translation 
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5.1 Introduction 

N6-methyladenosine (m6A) and pseudouridine (Ψ) are the top two most abundant 

internal mammalian mRNA modifications measured by quantitative mass spectrometry 

(Roundtree, Evans, et al. 2017). M6A is the most extensively studied mRNA modification; it 

participates in many cellular processes including mRNA stability, splicing, export, 

localization, and translation(Roundtree, Evans, et al. 2017; Frye et al. 2018). The best 

known Ψ function is innate immune avoidance when in delivered mRNAs, as shown in the 

successful COVID-19 mRNA vaccines (Jackson et al. 2020); Ψ has also been shown to affect 

splicing and translation (Karikó et al. 2008; Eyler et al. 2019; Anderson et al. 2010; 

Martinez et al. 2022).  

A major knowledge gap in the biological studies of m6A and Ψ is how they enhance 

or antagonize each other in the same mRNA transcript. The investigation of coordinated 

m6A and Ψ function requires mapping methods that can simultaneously report m6A and Ψ 

in the same sequencing library. So far, Illumina sequencing of m6A and Ψ has always been 

performed separately and independently. Nanopore sequencing has also been employed to 

map either m6A or Ψ in numerous studies and pipelines (L. Hu et al. 2022; S. Huang et al. 

2021) but these studies also considered m6A or Ψ separately; therefore, no prior studies 

could reveal the potential crosstalk between m6A and Ψ in the mRNA transcriptome. Here 

we develop a nanopore sequencing pipeline named Nanopore Simultaneous investigation 

for Pseudouridine and m6A (NanoSPA) that analyzes m6A and Ψ modifications in the same 

data. We apply NanoSPA to both the human transcriptome with or without knocking down 

the m6A writer METTL3 or one of the thirteen Ψ writers to reveal their co-dependence, and 

to polysome profiling to reveal their effects and co-dependence on translation. 
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5.2 Results 

5.2.1 NanoSPA method for simultaneous analysis of m6A and Ψ and their 

relationship in the transcriptome 

To investigate m6A and Ψ at the same time, we designed a workflow (fig. 5.2.1a) 

containing two machine learning modules which predicted these two modifications. For 

nanopore sequencing of Ψ, we previously developed and published the NanoPsu pipeline 

(S. Huang et al. 2021). The challenge here was to make a new model for nanopore 

sequencing of m6A compatible with NanoPsu to enable simultaneous analysis of both 

modifications. For this purpose, new m6A training data would be crucial. We took 

advantage of the recently published m6A-SAC-seq data by Illumina sequencing, which 

mapped m6A at single-base resolution and with modification stoichiometry transcriptome-

wide (L. Hu et al. 2022). Using the HeLa m6A-SAC-seq data together with our nanopore 

direct mRNA sequencing data, we selected high confidence 100% modified m6A sites for 

model training (see methods). To further raise accuracy, we limited our model to A and 

m6A sites within the GGACU motif, the most prevalent m6A motif in the transcriptome (L. 

Hu et al. 2022). By fixing the motif content, we were able to extract features not only from 

the A site itself (fig. 5.2.1b), but also from the flanking G, G, C and U sites (fig. S5.2.1a), 

which improved the model’s performance. We trained multiple feedforward neural 

networks (FNN) and selected the most optimal one (fig. S5.2.1b) as the final model, which 

had an AUC of 0.9879 on testing set and predicted most m6A and A sites correctly (fig. 

5.2.1c, d).  
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To further validate the performance of m6A prediction by NanoSPA, we predicted 

the m6A sites in a published nanopore human transcriptome sample (S. Huang et al. 2021) 

and compared it with the corresponding m6A sites revealed by m6A-SAC-seq in the same 

cell line. We successfully recovered 88.79% (2717/3060) m6A sites called by m6A-SAC-seq. 

We revealed an additional 1433 GGACU m6A sites using nanopore sequencing. Higher m6A 

fraction revealed in m6A-SAC-seq resulted accordingly in increased probability for m6A 

calling by NanoSPA (fig. 5.2.1e). Furthermore, high-confidence m6A sites called by m6A-

SAC-seq were also called with high confidence by NanoSPA (fig. S5.2.1c). Our predicted 

GGACU m6A sites had a metagene profile consistent with known m6A enrichment around 

the stop codon (fig. 5.2.1f). These results confirmed that our model can predict m6A in the 

GGACU motif with high accuracy. 

To investigate the relationship between m6A and Ψ, our experimental design (fig. 

S5.2.2a, S5.2.2b) used siRNA knockdown by negative control siRNA (siCTRL), against core 

m6A writer METTL3, and against the most utilized of the 13 Ψ writers in cultured cell lines, 

TRUB1 (Safra et al. 2017). We performed polyA-selection and ran direct nanopore RNA 

sequencing of biological replicates, which yielded good mapping coverages (fig. S5.2.2c). 

Applying NanoSPA on the siCTRL samples, we found that transcript groups with more Ψ 

had fewer m6A sites (fig. 5.2.1g). Conversely, transcript groups with more m6A had less Ψ 

modification (fig. 5.2.1h). These results suggest m6A and Ψ are globally antagonistic to 

each other and that both modifications are less likely to co-occur on the same transcripts.  

To further evaluate this m6A and Ψ relationship, we analyzed the changes of m6A 

and Ψ upon their writer knockdowns. As expected, METTL3 knockdown reduced m6A in all 

transcript groups regardless of their Ψ status (fig. S5.2.2d), whereas TRUB1 knockdown 
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reduced Ψ modification globally (fig. S5.2.2e). We compared the RNA expression of siCTRL 

and writer knockdown samples (fig. S5.2.2f) and found that m6A or Ψ writer level 

reduction primarily affected genes involved in metabolic processes (fig. S5.2.2g, S5.2.2h). 

The antagonistic nature of m6A and Ψ from the siCTRL data suggested that TRUB1 

knockdown should increase m6A modification, which we indeed observed (fig. 5.2.1i). We 

also observed an appreciable increase in Ψ upon METTL3 knockdown in transcripts that 

contained modified GGACU m6A sites, but not in transcripts where GGACU motifs were not 

modified (fig. 5.2.1j), consistent with the antagonistic relationship between m6A and Ψ. 
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Figure 5.2. 1 NanoSPA method for simultaneous analysis of m6A and Ψ and their 
relationship in the transcriptome. ns: not significant, *: p<0.05, **: p<0.01, ***: p<10-3, 
****: p<10-4. a. Workflow of the NanoSPA pipeline. b. Correlation between features of A 
sites in GGACU motif and modification state (m6A=1, A=0). Ins, insertion rate after the base. 
Ins_len, insertion length mean. Del, deletion rate after the base. Del_len, deletion length 
mean. Del_site, deleted site ratio (the site is in a deletion). Mis, overall mismatching ratio. 
Mis_C, mutation to C ratio. Mis_G, mutation to G ratio. Mis_T, mutation to T ratio. 
Base_qual_mean, average base quality score. Base_qual_STD, base quality score standard 
deviation. Base_qual_count_0, ratio of bases with a quality score 0 at a site. c. ROC curve of 
the final FNN model on testing set. AUC is 0.9879. d. Prediction result of the annotated m6A 
and A sites in the testing set. e. Comparing m6A sites grouped by m6A fraction in m6A-SAC-
seq data and the percentage of the m6A sites revealed by NanoSPA. Blue, m6A sites covered 
by NanoSPA; red, m6A sites not covered by NanoSPA.f. Meta gene distribution of the GGACU 
m6A sites by NanoSPA. g. Percentage of m6A sites based on transcripts grouped by mean Ψ 
probability. The transcripts are distributed into 7 groups evenly based on mean Ψ 
probability, with group 1 having the lowest mean Ψ probability and group 7 the highest. h. 
Mean Ψ probability of transcripts based on the number of A and m6A sites in GGACU motifs 
in the transcript. Group 3+0: transcripts with 3 or more A and 0 m6A…. 2+1: 2 A and 1 m6A 
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sites…. 0+2: 0 A and 2 m6A, and so on. i. Mean m6A percentage based on Ψ grouped 
transcripts in siCTRL, siMETTL3 and siTRUB1. j. Comparing mean Ψ probability of 
transcripts based on number of A and m6A sites in GGACU motifs in the transcript.  

 

5.2.2. Role of m6A and Ψ in translation 

To investigate the effect of m6A and Ψ on translation, we performed polysome 

profiling without and with knockdown of the m6A or Ψ writers as above (fig. 5.2.2a, 

S5.2.2a, S5.2.2b). For the siCTRL sample (fig. S5.2.3a), gene ontology analysis showed that 

transcripts with the greatest reduction of levels in the polysome belonged to genes 

involved in protein synthesis, such as ribosomal proteins (fig. 5.2.2b, S5.2.3b) and 

transcripts with the greatest increase of levels in the polysome belonged to cellular 

organelles (fig. S5.2.3c). The overall m6A level in the polysome was higher than the input, 

and this increase was even higher for the transcript groups with high Ψ levels (fig. 5.2.2c). 

The overall Ψ level in the polysome was lower than the input; however, this decrease was 

more pronounced for transcripts in which GGACU motifs were not modified (fig. 5.2.2d). 

These results suggest that m6A and Ψ were synergistic on the polysome transcripts, 

contrasting their antagonistic nature in the input.  

The opposing m6A and Ψ effects on input and polysome transcripts made the writer 

knockdown results difficult to predict. Even though METTL3 knockdown clearly showed a 

decrease in the input m6A levels (fig. S5.2.2d), m6A levels in polysome transcripts 

persisted at similar levels as in the siCTRL (fig. S5.2.3d). At the same time, Ψ levels 

increased in the polysome transcripts in siMETTL3 relative to siCTRL (fig. S5.2.3e), which 

could be partially derived from increased Ψ in the input mRNA. As for TRUB1 knockdown, 

which reduced Ψ levels in the input (fig. S5.2.2e), Ψ levels of the polysome transcripts 
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were down regardless of the m6A group (fig. 5.2.2e), but m6A level remained similar in the 

input and polysome transcripts (fig. S5.2.3f). These results suggest that polysome 

accumulation of transcript m6A and Ψ has a hierarchical relationship, where Ψ exerts a 

larger effect over m6A. 

We further examined the relationship between m6A, Ψ, and translation efficiency 

(TE), the ratio of polysome over input mRNA for each transcript. The transcript group more 

enriched in polysome GGACU m6A sites also had a higher TE value (fig. 5.2.2f). Transcripts 

in all TE groups showed higher m6A levels on the polysome (fig. 5.2.2g), indicating that 

m6A enrichment on the polysome was indeed beneficial for translation. Transcripts with 

more Ψ on polysome over input had higher TE values (fig. 5.2.2h), indicating that Ψ on the 

polysome also promoted translation. Although the opposing effect of m6A and Ψ in the 

input and polysome made the writer knockdown results not readily predictable, we 

expected the results to reflect the hierarchical relationship of m6A and Ψ in polysome 

accumulation described above. TE changes upon METTL3 knockdown were not significant 

(fig. S5.2.3g) and transcripts with m6A on polysome still had higher TE (fig. 5.2.2i), which 

mirrored the m6A level changes on the polysome (fig. S5.2.3d).  TE changes according to 

transcript Ψ probability groups upon METTL3 knockdown was like siCTRL (fig. S5.2.3h). 

Finally, TE value decreases upon TRUB1 knockdown were very significant in magnitude 

(fig. 5.2.2j) regardless of m6A modification state on input or polysome (fig. 5.2.2k), 

consistent with the large Ψ level decrease (fig. 5.2.2e). TRUB1 knockdown also affected 

polysome m6A based on TE, this effect switched over from negative to positive in low and 

high TE groups, respectively (fig. 5.2.2l). 
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Figure S5.2. 1 Additional NanoSPA model building and m6A comparison to NGS m6A-
SAC-seq. (a) Feature correlation of flanking sites in G-2G-1AC+1U+2 motif with modification 
state (1=m6A, 0=A). Ins: insertion, del: deletion, mis: mismatch, base_qual: base quality. (b) 
Training process of the final model. Left panel, training, and validation accuracy. Right 
panel, training, and validation loss. The model after epoch 42 is the final model. (c) m6A 
sites from m6A-SAC-seq data are grouped by confidence (high=over 20% mutation in both 
replicates, low=others) and the percentage of the m6A sites identified by NanoSPA. Blue, 
m6A sites covered by NanoSPA; red, m6A sites not covered by NanoSPA. 
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Figure 5.2. 2 Role of m6A and Ψ in translation.  ns: not significant, *: p<0.05, **: p<0.01, 
***: p<10-3, ****: p<10-4. (a). Polysome profiles of siCTRL, siMETTL3, and siTRUB1 samples. 
Knockdown of the m6A writer or a major Ψ writer resulted in global decrease in 
translation. The “polysome” line shows the combined fractions used for RNA extraction and 
nanopore sequencing. (b). Biological process gene ontology (GO) analysis of top 200 
highest expressed transcripts in siCTRL input over polysome. (c). Percentage of m6A sites 
of siCTRL input and polysome transcripts based on mean Ψ probability of transcripts. The 
transcripts are distributed into 7 groups evenly based on mean Ψ probability, with group 1 
having the lowest mean Ψ probability and group 7 the highest. (d). Mean Ψ probability of 
siCTRL input and polysome transcripts based on number of GGACU A and m6A sites in the 
transcript groups. Group 3+0: transcripts with 3 or more A and 0 m6A…. 2+1: 2 A and 1 
m6A sites…. 0+2: 0 A and 2 m6A, and so on. (e). Mean Ψ probability of siTRUB1 input and 
polysome transcripts based on number of GGACU A and m6A sites in the transcript groups. 
(f). Translation efficiency (TE) of siCTRL transcripts grouped by the modification state of 
the GGACU motif in input or polysome. A: unmodified, m6A: modified. (g). Percentage of 
m6A sites of siCtrl input and polysome transcripts grouped by TE. The transcripts are 
distributed into 7 groups evenly based on TE, with group 1 having the lowest TE and group 
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7 the highest. (h). TE comparison of siCTRL transcripts grouped by differential mean Ψ 
probability. The transcripts are distributed into 7 groups evenly based on Ψ probability 
difference between polysome and input, with group 1 having the lowest values and group 7 
the highest. (i). Translation efficiency (TE) of siMETTL3 transcripts grouped by the 
modification state of the GGACU motif in input or polysome. A: unmodified, m6A: modified. 
(j). TE comparison of siCTRL and siTRUB1 transcripts grouped by differential mean Ψ 
probability. The transcripts are distributed into 7 groups evenly based on Ψ probability 
difference between polysome and input, with group 1 having the lowest values and group 7 
the highest. (k). Translation efficiency (TE) of siTRUB1 transcripts grouped by the 
modification state of the GGACU motif in input or polysome. A: unmodified, m6A: modified. 
(l). Differential percentage of m6A sites on siTRUB1 input and polysome transcripts 
grouped by TE. The transcripts are distributed into 7 groups evenly based on TE, with 
group 1 having the lowest TE and group 7 the highest. 
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Figure S5.2. 2 Experimental results of samples and additional NanoSPA results. ns: not 
significant, *: p<0.05, **: p<0.01, ***: p<10-3, ****: p<10-4. (a) Experimental design. A total of 
12 nanopore data sets were generated: siCTRL, siMETTL3, siTRUB1; input and polysome, 
two biological replicates. (b) Western blots showing knockdown of the METTL3 or the 
TRUB1 protein. Actin is the loading control. (c) RNA expression of biological replicates of 
each condition. (d) Comparison of GGACU m6A site percentage of siCTRL and siMETTL3 
based on transcripts grouped by mean Ψ probability as in Fig. 1g. (e) Comparison of Ψ 
probability distribution of siCTRL and siTRUB1. (f) Comparison of RNA expression of 
siCTRL versus siMETTL3 or siTRUB1. (g) Biological process gene ontology (GO) of top 200 
highest expressed transcripts in siCTRL over siMETTL3. (h) Biological process GO of 200 
highest expressed transcripts in siCTRL over siTRUB1. 
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Figure S5.2. 3 Additional NanoSPA results of polysome profiling. ns: not significant, *: 
p<0.05, **: p<0.01, ***: p<10-3, ****: p<10-4. (a) Comparison of siCTRL RNA expression 
between input and polysome. (b) Cellular Component GO of top 200 highest expressed 
transcripts in siCTRL input over polysome. (c) Cellular Component GO of top 200 highest 
expressed transcripts in siCTRL polysome over input. (d) Percentage of m6A sites of 
siMETTL3 input and polysome based on transcripts grouped by mean Ψ probability as in 
Fig. 1g. (e) Mean Ψ probability of siMETTL3 input and polysome transcripts based on the 
number of A and m6A site groups as in Fig. 1h. (f) Percentage of m6A sites of siTRUB1 input 
and polysome transcripts based on mean Ψ probability groups. (g) Percentage of m6A sites 
on siCTRL and siMETTL3 polysome transcripts grouped by TE as in Fig. 2g. (h) TE 
comparison of siCTRL and siMETTL3 transcripts grouped by differential mean Ψ 
probability. 
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5.3 Conclusions 

In summary, we developed a machine learning pipeline for nanopore sequencing to 

analyze m6A and Ψ simultaneously. We identified an antagonistic effect of m6A and Ψ in 

total mRNA input, but a synergistic effect of m6A and Ψ for polysome-associated mRNA. 

Furthermore, m6A and Ψ have a hierarchical effect on promoting translation efficiency in 

which Ψ takes precedent over m6A.  

 

5.4 Methods 

5.4.1 Cell culture and siRNA knockdown 

Human embryonic kidney (HEK) HEK293T/17 cells (CRL11268) were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and L-glutamine, without 

sodium pyruvate (HyClone, SH30022.01) and with 10% FBS in a 37°C incubator at 5% CO2 

to seed for reverse transfection by RNAiMax (Sigma 13778150). For each knockdown 

condition, 75 μL Lipofectamine RNAiMax was added to three separate 150 mm plates 

containing 300 pmol siRNA (siCTRL, MISSION® siRNA Universal Negative Control #1; 

siMETTL3, SASI_HS_00044317; siTRUB1, SASI_Hs02_0036419) in 5 mL Opti-MEM™ I 

Reduced Serum Medium (31985070) and incubated at 37°C with 5% CO2 for 20 minutes. 

HEK293T cells grown to 80% confluency were washed and detached in 1x Phosphate 

Buffer Saline (PBS) before pelleting by centrifugation at 500 x g for 3 minutes. The cell 

pellet was resuspended in media and cells were counted using an Invitrogen™ Countess™ 3 

FL Automated Cell Counter, for which a 10 µL aliquot of cells was mixed with 10 µL trypan 

blue and loaded into a chamber slide. For control and METTL3 knockdowns, ~3.5 x 106 
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cells were seeded into three 150 mm plates containing the appropriate siRNA-

lipofectamine mixture. As these conditions were not viable for TRUB1 knockdown cells, ~5 

x 106 cells were seeded instead.  The plates were mixed by gently rocking and incubated in 

a 37°C with 5% CO2 for 72 hours.  

 

5.4.2 Polysome profiling 

Polysome profiling procedures were adapted from a previous publication (Xiao 

Wang et al. 2014). For each knockdown condition, three 150 mm plates of ~80% confluent 

HEK293T cells were treated with 100 μg/mL cycloheximide (CHX AC3574200500, Fisher 

Scientific) for 7 minutes at 37°C. Media was removed from the plates and the cells were 

washed twice with 10 mL of ice-cold 1x PBS containing 100 μg/mL CHX prior to being 

scraped and collected in 5 mL 1x ice-cold PBS. Cells were pelleted by centrifugation at 500 

x g for 5 minutes, then the three plates for each knockdown conditions were combined in 

0.8 mL Lysis Buffer (20 mM HEPES, pH 7.6, 100 mM KCl, 5 mM MgCl2, 1% Triton X-100, 100 

μg/mL CHX supplemented with fresh 1x Roche protease inhibitor and 1% Superase 

inhibitor) and lysed by rotating at 4°C for 20 minutes. Cell debris was pelleted by 15-

minute centrifugation at 16,000 x g. To this lysate, 4 μL T4 Turbo DNAse (Invitrogen, 

AM2238) was added, and the mixture was incubated at room temperature for 15 minutes. 

180 μL of this lysate was saved as “Input” for RNA downstream nanopore sequencing, and 

20 μL was saved for western blot (see below).  

5-50% sucrose gradient (20 mM HEPES, pH 7.6, 100mM KCl, 5 mM MgCl2, 100 

μg/mL CHX supplemented with fresh 1x Roche protease inhibitor and 1% SUPERase 

Inhibitor) was prepared in SETON 7042 tubes using a Biocomp Gradient Station. 600 μL 
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sucrose gradient was removed from the top of each balanced sucrose gradient tube and 

then replaced by gently pipetting 600 μL of the respective knockdown cell lysate on top the 

gradient. Sucrose gradients were centrifuged for 3 hours at 28,000 RPM in an Optima L-

100XP centrifuge using a Beckman SW28 rotor. Sucrose gradient fractions were collected 

and absorbances continuously measured using a Biocomp gradient station.  

For each knockdown replicate, the 30 generated fractions were split in half and 0.9 

mL TRIzol™ Reagent was added to each tube. Samples were incubated for 5 minutes at 

room temperature prior to addition of 0.18 mL chloroform and an additional 3-minute 

incubation. The aqueous layer was separated by centrifugation for 15 minutes at 12,000 × g 

and 4°C and then added to a new tube. The sample was frozen overnight at -80°C following 

addition of 0.45 mL isopropanol. RNA was precipitated by centrifugation for 15-minute at 

12,000 × g and 4°C. The supernatant was removed, and the RNA pellet resuspended and 

washed in 0.9 mL 75% ethanol before being centrifuged for 5 minutes at 7,500 x g and 4°C. 

The supernatant was removed, and the pellet air-dried for ten minutes prior to 

resuspension in 10 μL dH2O. The two tubes for each fraction were combined prior to 

combining all fractions disome and after.  

Input and polysome RNA samples were made to 150 μL in dH2O and cleaned by 

adding 280 μL Beckman RNAClean XP beads. Samples were mixed by pipetting up and 

down, incubated at room temperature for 5 minutes, pelleted on a magnetic rack for 5 

minutes, washed with 1000 μL 70% EtOH three times, and air-dried for ten minutes before 

eluting into 150 μL dH2O. Poly(A)-selection of cleaned RNA samples was then done using 

Promega PolyATract mRNA Isolation System IV per the manufacturer’s protocol. Briefly, 

RNA samples were made to 500 μL and incubated at 65°C for 10 minutes before addition of 
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3 μL Biotin-dT and 1x SSC. Once cooled, this sample was added to 100 μL of washed poly(A) 

magnetic beads in 0.5x SSC. Following a 10-minute incubation at room temperature, RNA-

bound beads were captured using a magnetic rack, washed in 0.1X SSC, and eluted in a total 

of 250 μL dH2O.  

PolyA+ RNA was concentrated using Zymo Oligo Clean & Concentrator columns per 

manufacturer’s protocol prior to Nanopore sequencing. Briefly, 500 μL Oligo Binding Buffer 

and 2 mL absolute ethanol were added to 250 μL PolyA+ RNA and mixed by pipetting. The 

sample was transferred to a Zymo-Spin™ IC Column in a collection tube and centrifuged. 

The sample was washed using 750 μL DNA Wash buffer prior to elution in 11 μL nuclease-

free dH2O. For quality control, polyA+ RNA was submitted to the University of Chicago 

Genomics facility and analyzed using an Agilent 2100 Bioanalyzer system. 5 μL of RNA 

containing ~1 ng/μL was analyzed using the RNA Pico/High Sensitivity Assay (input 

sensitivity of 0.05-5 ng/μL) to confirm RNA integrity.  

 

5.4.3 WT cell sample culture 

HeLa cells (ATCC) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

with high glucose and L-glutamine, without sodium pyruvate (HyClone, SH30022.01) with 

10% FBS and 1% Pen–Strep (Penicillin–Streptomycin). ~3.5 x 106 cells were seeded into 

three 150 mm plates with the same media without 1% Pen–Strep (Penicillin–

Streptomycin). The following RNA extraction and purification steps are the same as above. 
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5.4.4 Western blot 

Samples were prepared by adding 1x LDS and 100 mM DTT before boiling at 95°C 

for 5 minutes. Samples were loaded onto 12-well 4–12% polyacrylamide Bis-Tris gels 

(NP03322, Invitrogen) and ran at 150V for 1 hour. The gels were then transferred to 

polyvinylidene fluoride membranes (IPVH00010, Millipore). The membranes were blocked 

overnight in 10% w/v milk (1706404, Bio-Rad). The blots were probed with 1/1000 v/v 

anti-actin (clone C4 MAB1501), 1/1000 v/v anti-METTL3 (ab195352), or 1/500 v/v anti-

TRUB1 (1250-1-AP) in 5% w/v milk (1706404, Bio-Rad) followed by 1/10000 v/v sheep 

anti-mouse IgG (NA931V, Cytiva) or 1/10000 v/v donkey anti-rabbit IgG conjugated to 

horseradish peroxidase (NA934V, Cytiva) in 5% w/v milk (1706404, Bio-Rad). The blots 

were then visualized with ECL Prime Western Blotting Detection Reagents (RPN2232, 

Amersham) using a BioRad ChemiDoc MP. 

 

5.4.5 Nanopore direct RNA sequencing 

The library preparation of direct RNA seq samples followed instructions from 

Oxford Nanopore Technology for Direct RNA Sequencing Kit (SQK-RNA002). Concisely, 500 

ng of Poly(A)+ RNA sample was used to perform a run. The RT Adaptor (RTA) was ligated 

to the 3’ end of Poly(A)+ RNA using T4 DNA ligase (NEB M0202S), followed by reverse 

transcription by SuperScript III Reverse Transcriptase (ThermoFisher 12574018). The RT 

product was then purified by 1.8x RNAClean XP beads (72 µL) (Beckman Coulter A63987). 

A second RNA Adaptor (RMX) was then attached to the 3’ end of Poly(A)+ RNA by T4 DNA 

ligase (NEB M0202S). The RNA product was purified with 1x RNAClean XP beads (40 µL) 
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and eluted with 21 µl Elution Buffer. The sample was loaded onto a R9.4.1 flow cell (FLO-

MIN106D) and then run on the MinION sequencer for 72 hours. 

 

5.4.6 Nanopore data pre-processing 

Raw sequencing data files were uploaded to UChicago midway2 cluster for pre-

processing. Base calling was performed by guppy base caller (version 3.2.2+9fe0a78). 

Then, the reads were aligned to human genome (GRCh38.p13) by minimap2(Heng Li 2018) 

(version 2.18-r1015) with parameters -ax splice -uf -k14. The mapped reads were piled up 

by samtools(Heng Li et al. 2009)(v1.11) and features for modifications prediction were 

extracted by customized python scripts (https://github.com/sihaohuanguc/NanoSPA). 

 

5.4.7 Model training for m6A prediction 

The wild-type HeLa cell nanopore seq sample was used to train the model for m6A 

prediction. The data was pre-processed as described above. The annotation of 599 100% 

modified high confidence m6A and 636 random unmodified A sites in GGACU motif was 

achieved from the m6A-SAC-seq study(L. Hu et al. 2022). High confidence was defined as 

>20% mutation rate in both replicates. Data augmentation was performed by shuffling the 

reads of a site and sampling 16 random reads as a group with 20 groups for each site. After 

data augmentation, we achieved 11980 m6A and 12720 A sites for model training. Then, 55 

features (see fig. 1b, S1a) for the centered, -2, -1, +1, and +2 sites were collected for all 

generated sites. The dataset was then split into 60% training, 20% validation and 20% 

testing sets. Feedforward neural network (FNN) and Recurrent neural network (RNN) 
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models were trained on training set and evaluated by validation loss (cross entropy). The 

final model with the best performance was an FNN with two hidden layers (128 and 64 

nodes, drop rate 0.1 and 0.2 after each layer respectively), with learning rate 0.001. The 

model with the lowest validation loss was stored (epoch 42) when the validation loss was 

0.1503 and the validation accuracy was 0.9493. The final model performance was 

evaluated on the testing set by AUC (area under curve) of ROC (Receiver Operating 

Characteristic). 

 

5.4.8 HEK293T cell data processing 

 The HEK293T cell samples were sequenced and pre-processed as described above. 

The mapped reads of two biological replicates were combined to increase the data analysis 

throughput. We obtained 1.1-3.6 million mapped reads for the input, and 1.2-1.6 million 

mapped reads for the polysome samples. For Ψ prediction, features of all U sites with >20 

coverage were collected and performed by NanoPSU. For m6A prediction, features of all A 

sites within GGACU motif and with >20 coverage in all 5 sites were collected and then 

performed prediction by the model generated above. At the same time, the expression 

counts of genes were calculated as the maximum peak height of the reads piled at the gene 

regions. Relative expression level of a gene was calculated as the expression count of a gene 

divided by the sum of expression counts of the sample. Genes with less than 15 coverage 

were filtered. Translation efficiency (TE) of a gene was calculated as the expression level in 

polysome sample divided by expression level in the input sample. The gene information 

was provided by the comprehensive gene annotation file (gencode. v41.annotation. gff3) in 

the GENCODE database (https://www.gencodegenes.org). The gene ontology (GO) analysis 

https://www.gencodegenes.org/
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was performed using the Gene Ontology Resource (http://geneontology.org) (Ashburner et 

al. 2000; “The Gene Ontology Resource: Enriching a GOld Mine.” 2021) 
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Chapter 6 

Future directions and perspectives 

 

6.1 Coordination of m6A-RNA and RNAPII CTD by the YTH-Domain 

 Chapter 3 of this thesis presents data showing the YTH-domain of YTHDC1 

interacting directly with the CTD of RNA Polymerase II in addition to its previously 

described binding to m6A-modified RNA. This observation was supported by CTD co-

immunoprecipitation both with endogenous full-length YTHDC1 (Figure 2.2.1), and 

transfected FLAG-tagged YTH-domain (Figure 2.2.2), in addition to co-precipitation during 

in vitro His-pulldown using purified 6x-His-YTH-domain (Figure 2.2.3). This data supports 

a competitive model for YTH-CTD interaction, where the addition of m6A-RNA causes 

dissociation between the YTH-domain and the RNAPII CTD.  

 To characterize the mechanism and function of the YTH-domain’s RNAPII binding 

interactions, its polymerase-binding activity needs to be abolished by mutagenesis of the 

YTH-domain without significantly changing its m6A-binding ability.  Crystal structures of 

both m6A-bound and unbound YTH domain from YTHDC1 have revealed its mechanism of 

m6A binding (Xu et al. 2014) through two conserved tryptophan residues, W377 and W428, 

along with L439 that create an aromatic cage that recognizes the m6A moiety, analogous to 

the recognition of histone modifications by aromatic cages in chromodomains. Alanine 

substitution at either conserved tryptophan abolishes binding to m6A (Jacobs and 

Khorasanizadeh 2002).  The aromatic cage can also recognize adenosine, but the methyl 

group of m6A is thought to contribute van der Waal interactions worth ~1.7 kcal/mol, 
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representing a ~16-fold stronger interaction than the unmodified base. Molecular 

dynamics have shown that this energetic contribution is driven both through stabilizing the 

aromatic cage through preferential interactions and through stabilizing a bound-like 

conformation of the GG(m6A)CU oligo itself (Y. Li et al. 2021). It is possible that competition 

between the CTD of RNA Polymerase II and m6A-RNA may be due to energetically favorable 

interactions with m6A relative to the RNAPII CTD, analogous to the preferential energetics 

of YTH’s interaction with m6A over A. In this case, W377A and W428A mutants should also 

abolish CTD binding, although such binding mutants would not be able to disentangle the 

functional significance of m6A binding from the significance of RNAPII binding.   

Further crystal structures of unbound YTH have revealed conformational changes 

within the YTH-domain binding pocket. Side-chain flipping was observed at Met438; in the 

flipped conformation, Met438 goes from surface-facing to facing the binding pocket. In the 

canonical outwards-facing structure, molecular dynamic simulations showed rotation of 

Trp428, which then obstructs the aromatic cage. In the structure where Met438 faces the 

binding pocket, this obstruction is recovered by the entry of Leu439 to the binding site (Y. 

Li et al. 2021). Sidechain flipping of Met438 impacting the stability of rotating Trp428 

implies mutation to Alanine at this site could lock the conformation, which may change 

binding affinity for the CTD of RNA Polymerase II. Furthermore, restoration of the aromatic 

cage by Leu439 may be important in favoring m6A as a binding entity relative to the CTD.  

Structural changes occur outside of the binding pocket when comparing YTH 

domain holo (with m6A RNA bound) and apo (no RNA bound) structures. Notably, a 

connecting loop adopts a different conformation between these structures which may be 
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responsible for mediating interaction with the CTD, and thus mutating this loop to a stretch 

of alanines may abolish CTD binding, but not m6A binding (Figure 6.1). 

 
Figure 6. 1 Mutagenesis scheme to show coordination of m6A-RNA and RNAPII CTD 
by the YTH-Domain. (a). Table showing proposed mutants, their structural significance, 
and reported effect on m6A-binding energetics on mutation (Y. Li et al. 2021). (b). Overlay 
of m6A-bound (blue) and unbound (brown) YTHDC1 YTH-domain structures (PDB: 6zcn, 
6zd9). Conformational change induced on ligand binding is boxed.   

 

6.2 Coordination of m6A-RNA and tRNA properties 

The bioinformatic survey employing MSR-Seq data presented in Chapter 4 of this 

thesis supports a connection between m6A in mRNA and tRNA expression and 

modification, in particular the methyl-3-cytosine (m3C) at position 47d(e2). Further study 
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of this connection is challenged by the currently unknown writer of m3C47d (Bohnsack 

2022). If such a writer were to be discovered, analyzing the knockdown of this m3C47d 

writer could provide essential data connecting m6A in mRNA to m3C47d in tRNA.  Analysis 

of hnRNPG-PAR-CLIP data suggested that this m6A reader protein interacted with tRNAs. 

PAR-CLIP of other m6A reader proteins like YTHDC1 could expand on potential connections 

between mRNA and tRNA. Coupling MSR-seq to reader-protein cross-linking could also 

generate more specific information on the nature of these interactions, including 

enrichment of modifications and the effect of tRNA charging.    

Additionally, Chapter 4 demonstrates the co-immunoprecipitation of RNA 

Polymerase III subunit POL3RA with m6A-reader protein YTHDC1. While these preliminary 

results offer an exciting potential mechanism for eukaryotic polymerase crosstalk, the 

specifics of this interaction first needs to be investigated further. Immunoprecipitation of 

multiple endogenous reader proteins should be performed to see if this result broadly 

applies to m6A readers. Given the complex assembly and multi-subunit nature of RNA 

Polymerase III, CoIP eluate should be blotted against a variety of RNAPIII subunits in the 

presence and absence of RNase treatment. As in Chapter 6.1, a YTHDC1 mutagenic screen 

that aims to identify binding mutants would allow further investigation into the 

importance of these interactions and crosstalk to RNAPII.  

 

6.3. Coordination of m6A and pseudouridine 

 In Chapter 5 of this thesis, I presented data on the crosstalk between m6A and Ψ in 

total RNA and polysome transcripts which demonstrates an antagonistic effect of m6A and 

Ψ co-occurrence and a synergistic, hierarchical effect of m6A and Ψ on translation. Our 
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NanoSPA platform enables simultaneous detection of m6A and Ψ within a single transcript, 

and thus allows investigation of crosstalk between these two modifications. Our biological 

investigation focused primarily on writer knockdowns: core m6A MTC component METTL3, 

and the primary Ψ writer on mRNA in cultured cell lines, TRUB1 (Safra et al. 2017). 

Whereas METTL3 is a necessary component of the m6A MTC, TRUB1 is one of 13 Ψ writers 

(X. Li, Ma, and Yi 2016). In addition to TRUB1, PUS1, PUS7, and RPUSD4 have been shown 

to act on mRNA transcripts, with PUS1, PUS7, and RPUSD4 having demonstrated 

involvement in alternative pre-mRNA splicing and polyadenylation (Martinez et al. 2022). 

Given proper gene perturbation, our platform enables testing the crosstalk of Ψ writers on 

m6A abundance and concurrence. Furthermore, our study’s biological significance focused 

on Ψ’s connection to translation; to our knowledge, this is the first time nanopore RNA 

sequencing has been used for polysome profiling. By expanding data analysis to include 

alternative splicing, specifically the impact of the writers already implicated, NanoSPA can 

be adapted to demonstrate potential crosstalk of Ψ and m6A modifications in splicing. 

Given this thesis covers two m6A reader proteins with known involvement in pre-mRNA 

splicing, YTHDC1, and hnRNPG, it may also be of interest to alter their expression to study 

their potential involvement in mediating modification crosstalk.  
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