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Abstract 
 
5-methylcytosine (m5C) is a widespread RNA modification decorating diverse species of RNA. 

The re-discovery of m5C as an mRNA modification came to light by coupling bisulfite 
conversion of RNA with transcriptome-wide RNA sequencing (bsRNA-seq). Subsequent 

studies revealed prominence of deposition of m5C modification in regulating gene expression. 
Presently, bsRNA-seq experiments carried out in different cell types have generated several 

datasets for m5C-decorated mRNAs that are often different from each other. This disparity 
could be explained by differential methylation patterns in different cell types, the variation in 

the expression levels of the writer enzymes (NSUN family of proteins) and differences in data 
analysis pipelines. In an attempt to address this variability, we generated a comprehensive, 

transcriptome-wide human dataset of m5C sites by re-analysing existing bsRNA-seq datasets 

from 5 different human cell lines and 7 tissues, with a stringent pipeline for m5C site calling. 
This allowed us to compile a union list of 6,393 high-confidence m5C sites and to gain insights 

into the enzymology of different NSUN proteins (m5C writers). We also employed our union 
set to investigate the relationship between m5C modification and RNA-binding proteins (RBPs) 

binding to mRNA. Therefore, we overlapped mRNA m5C sites with publicly available enhanced 
Crosslinking Immunoprecipitation (eCLIP) data for >100 RBPs and identified several proteins 

whose footprint significantly overlaps with m5C modification, including AKAP1, DDX3X, 
DHX30, FTO, NCBP2, RPS3 and UPF1. We further generated a knockout HeLa cell line for 

NSUN2, the main m5C writer protein for mRNA, to investigate the effect of mRNA methylation 

level on the function of UPF1 RBP. By performing UPF1 knockdown experiments, in WT vs 
NSUN2 knockout HeLa cells, we showed that the lack of NSUN2 enzyme reduces the effect 

of UPF1 in regulating the steady state of a subgroup of its methylated mRNA targets. CLIP 
experiments also showed a differential binding of UPF1 RBP depending on its target 

methylation content. Overall, our data indicate an interplay between NSUN2 RNA 
methyltransferase activity and UPF1 function on mRNA. 
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1. Introduction 
 
Among all the different layers of gene expression regulation, post-synthesis biochemical 

modification is a powerful and precise mechanism for regulating the functionality of 
macromolecules. This regulatory approach extends across various biological molecules, 

including DNA (Moosavi & Ardekani, 2016), RNA (Barbieri & Kouzarides, 2020) and proteins 
(Ramazi & Zahiri, 2021). Among these, RNA modifications have emerged as a pivotal focus 

within the intricate realm of gene expression regulation, cellular responses to environmental 
cues, and even the development of diseases and cancer (Cayir et al., 2020; Y. S. Chen et al., 

2021; Roundtree et al., 2017; H. Song et al., 2022; Wilkinson et al., 2022). In this context, the 
revelation of RNA modifications marks a transformative era in RNA biology.  

This transformational shift in our understanding of RNA biology and the tightly regulated 

process for its modification, has further consolidated the vital role of RNA. 
 

RNA is a remarkably dynamic and functionally diverse molecule, featuring a multitude of post-
transcriptional modifications. Current insights reveal that all four RNA bases are susceptible 

to modification, culminating in a repertoire of over 150 documented post-transcriptional 
biochemical modifications (Barbieri & Kouzarides, 2020). These modifications are not limited 

to a single class of RNA; instead, they span all known RNA species, with transfer RNA (tRNA) 
and ribosomal RNA (rRNA) being the most heavily modified (S. Li & Mason, 2014). Historically, 

the first glimpse of modified nucleotides within cellular RNAs emerged in the 1960s (Cohn, 

1960). This pioneering observation paved the way for the seminal sequencing of biological 
RNA shortly thereafter, unveiling ten distinct modifications, including the now well-

characterized pseudouridine (Holley et al., 1965). Fast forward to recent years, our 
understanding has dramatically expanded. The intricacy of the various modifications that an 

RNA molecule can carry is reflected in the complex regulation of RNA's biogenesis, structure, 
localization, stability, and function (Frye et al., 2018; Gilbert & Nachtergaele, 2023; Schaefer 

et al., 2017). As we delve deeper into the intricate world of epitranscriptomics, we uncover a 
fascinating landscape of chemical marks that dictate RNA's functions and its ability to finely 

tune the intricate orchestra of cellular biology. 
 

Epitranscriptomics, a relatively recent field dedicated to investigating biochemical RNA 

modifications, has seen a rapid growth over the past decade. At present, ~170 RNA 
modifications have been identified (Boccaletto et al., 2022; Cantara et al., 2011). However, 

only a fraction of these modifications has been further studied and characterized (Linder & 
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Jaffrey, 2019). N6-methyladenosine and 5-methylcytosine are among those that have gained 

widespread recognition for their roles in regulating cellular mRNA fate (Murakami & Jaffrey, 
2022; Trixl & Lusser, 2019; Wiener & Schwartz, 2021) and their impact on organismic 

development and disease (P. C. He & He, 2021; Motorin & Helm, 2022).  
 

Despite its widespread presence across various RNA species, 5-methylcytosine modification 
remains relatively understudied. Fuelled by its intriguing yet relatively understudied nature, 

m5C was chosen as the focal point of this research. 
 

1.1 5-methylcitosine (m5C) is widespread RNA modification 
 
5-methylcytosine refers to a biochemical modification characterised by the addition of a methyl 

group to the carbon-5 position of cytidine residues (Johnson & Coghill, 1925). While the 
discovery of m5C as a DNA modification predates the elucidation of the double helix structure 

(Wyatt, 1950), it was only in the 1970s that researchers discovered its presence in RNA (Dubin 

& Taylor, 1975). Decades of research have now revealed that m5C is a widespread RNA 
modification found in all known RNA species, including coding (messenger RNA) and non-

coding RNA, such as tRNA, rRNA, long non-coding RNA (lncRNA), and enhancer RNA 
(eRNA) (Boccaletto et al., 2022; Cantara et al., 2011). 

 
While m5C modification of RNA has been reported in many species, including Mus musculus, 

Danio rerio, Drosophila melanogaster, Arabidopsis thaliana, Saccharomyces cerevisiae and 
Caenorhabditis elegans (J. Ma et al., 2022), its distribution can vary substantially. For 

example, tRNA and rRNA have more m5C modification compared to their bacterial 
counterparts (Cantara et al., 2011). The methylation of tRNA and rRNA has been the subject 

of extensive research, yielding valuable insights into their roles. In the case of tRNA, studies 

have revealed its pivotal role for m5C in a number of important functions, such as improving 
codon-anticodon pairing (Goll et al., 2006; Shanmugam et al., 2015), exerting control over 

stress responses (Chan et al., 2012) and finely regulating both translation accuracy and 
efficiency (Burgess et al., 2015; Goll et al., 2006; Shanmugam et al., 2015). Similarly, the 

absence of m5C modification in rRNA was demonstrated to result in a global reduction in 
translation in glioma, triggering the activation of an adaptive translational program, that is 

essential for the cells' survival under stress (Janin et al., 2019). Additionally, the absence of 
methylation renders these gliomas sensitive to bioactivatable substrates of the stress-related 
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enzyme NQO1, further highlighting the critical role of m5C modification in cellular stress 

responses (Janin et al., 2019). 
 

Starting from the 1970s, when the presence of m5C modification was first reported in 
polyadenylated RNA (Dubin & Taylor, 1975), a substantial body of research has evolved. This 

research has delved into the regulation of various biological processes influenced by this 
modification in both mRNA and lncRNA, including mRNA stability (X. Chen et al., 2019; Y. 

Yang et al., 2019), nucleus-cytoplasm export (X. Yang et al., 2017a), cell proliferation and 
migration (S. Xue et al., 2019), DNA damage control (H. Chen et al., 2020) and stem cells 

development (Zou et al., 2020). Importantly, deregulation of m5C deposition in mRNA was 
associated with pathological conditions, such as bladder cancer (X. Chen et al., 2019), 

systemic lupus erythematosus (SLE) (Guo et al., 2020) and vascular inflammation and 

arteriosclerosis (Luo et al., 2016). 
 

1.1.1 m5C in transfer RNA 
Among all known RNA species, tRNA is the one that is most heavily modified, with an average 

eukaryotic tRNA containing 13 modifications per molecule (Roundtree et al., 2017). 
Historically, the bulk of research in m5C in RNA was prevalently focused on tRNA, highlighting 

its crucial role through demonstrating the necessity of proper methylation for its optimal 
processing and function (Brzezicha et al., 2006; Y. S. Chen et al., 2021; Goll et al., 2006; Long 

et al., 2016; Reid et al., 1999). 

 
Figure 1 - Schematic summary of location and function of tRNA m5C sites. Adapted from (H. 

Song et al., 2022). 
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m5C modification of tRNA predominantly occurs at specific cytosine positions, such as 

positions spanning C:47 to C:50 (Reid et al., 1999). In particular, m5C48 and m5C49 
modifications are strategically positioned at the junction sequence of the V-loop (VL) and T-

stem-loop (TSL). These modifications contribute significantly to tRNA secondary structure 
stability, influencing its ability to recognize codons and promote efficient protein translation 

(Reid et al., 1999; Van Haute et al., 2019). The impact of tRNA methylation on protein 
synthesis is particularly noteworthy (L. Xu et al., 2017). The methylation of C:48 serves to 

enhance hydrophobic interactions between base pairs, promoting the stacking of bases and 
reinforcing the structural stability of tRNA (Brzezicha et al., 2006). Notably, the same C:48 is 

the one base-pairing with the nucleotide in position 15 on the D ring, also known as a Levitt 
pair, responsible for the formation of a distinct L-shaped three-dimensional structure 

(Brzezicha et al., 2006). 

Another frequently methylated site in tRNA is C:38, within the anticodon loop. Methylation of 
C:38 in mouse tRNAAsp plays a pivotal role in stimulating the charging of tRNA with L-

aspartate, both in vivo and in vitro. This stimulation results in enhanced translation efficiency 
of proteins harbouring multiple aspartic acid residues (Goll et al., 2006). Moreover, the 

methylation of C:38 serves as a protective mechanism for tRNAs, guarding them against 
stress-induced endonuclease-mediated cleavage and ensuring the precise translation of 

nearly homologous codons (Goll et al., 2006). The absence of m5C38 in tRNAMet leads to a 
moderated level of translational fidelity during the decoding of aspartate codons (Y. Zhang et 

al., 2018). Additionally, DNMT2-mediated m5C38 tRNAAsp plays a pivotal role in distinguishing 
homologous and nearly homologous codons, such as tRNAAsp and tRNAGlu, thereby 

enhancing translation accuracy (Burgess et al., 2015). 

 
Research centred on mitochondria has unveiled that mitochondrial 5-formylcytidine (f5C) 

modification originates from m5C34 of mt-tRNAmet. This modification plays a critical role in 
mitochondrial translation, particularly in the decoding of unconventional AUA codons (Van 

Haute et al., 2017). In yeast, the m5C modification of C:34 in tRNALeu was shown to be closely 
linked to translation regulation. Its methylation levels significantly increase during oxidative 

stress responses, leading to enhanced translation of mRNAs rich in UUG codons, including 
those coding for the ribosomal protein El22A (Brzezicha et al., 2006). 

 

Furthermore, during the late stages of tRNAThr and tRNACys transcription, a CCA sequence is 
added at the 3' end, followed by confirmed methylation at C:72. Despite this well-established 

process, the precise function of m5C:72 modification remains unknown (Long et al., 2016). 
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1.1.2 m5C in ribosomal RNA 
 

Ribosomes serve as intricate molecular machinery responsible for the synthesis of all cellular 
proteins, a tightly controlled biochemical process known as translation. In eukaryotic cells, the 

80S ribosome is composed of two main components: a smaller 40S subunit and a larger 60S 
subunit (Baßler & Hurt, 2019). The 40S subunit contains the 18S ribosomal RNA (rRNA) and 

33 distinct ribosomal proteins (r-proteins). Meanwhile, the 60S subunit comprises 25S, 5.8S, 
and 5S rRNA, along with 47 r-proteins (Baßler & Hurt, 2019). Ribosomal RNA in the nucleus, 

cytoplasm and mitochondria can all be decorated with m5C modification (Gao & Fang, 2021). 
This modification is known to play a significant role in regulating rRNA stability, consequently 

influencing protein synthesis (H. Song et al., 2022). 

 
A cluster of methylation in the fourth domain of the 25S rRNA was found to be necessary for 

the correct folding and stabilisation of the 60S subunit of the ribosome in Yeast (Sharma et 
al., 2013). The methylation of the same position in 25S rRNA in yeast was found to be 

important during oxidative stress conditions for the selective recruitment and subsequent 
translation of specific mRNAs (Sharma et al., 2013). Consequently, deletion of the m5C 

modification in position C:2278 resulted in the impaired stability of the 60S subunit and 
reduced translation efficiency (Sharma et al., 2013). In addition, the methylation of C:2278 is 

further suggested to be important for ribosome function, as the deletion of Rcm1, the 
methyltransferase responsible for the deposition of such modification, was found to lead to the 

incorrect reading of premature stop codons in reporter assays (Schosserer et al., 2015). Once 

mature, m5C:2278 makes direct contact with ribosomal protein eL41 (RPL41), serving as a 
pivotal point for facilitating small subunit (SSU) rotation during the translation process (Sharma 

& Lafontaine, 2015). This suggests a mechanistic role for m5C modification in regulating 
translation.  

 
In human, 28S ribosomal RNA is characterised by the m5C modification in position C:3782 

(Janin et al., 2019). Lack of methylation on this residue was found to drive an overall depletion 
of protein synthesis which leads to the activation of an adaptive translational program for 

survival under conditions of cellular stress (Janin et al., 2019).  28S rRNA also contains m5C 
modifications at positions C:3761 and C:4413, which were reported to be necessary for rRNA 

correct folding and translation fidelity (Arzumanian et al., 2022; Schosserer et al., 2015). 
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In mitochondria, the deposition of m5C modification on position C:911 of 12S rRNA was found 

to be important for the correct assembly of mitochondrial ribosomes. Disruption of m5C911 
level was observed to result in loss of mitochondrial protein synthesis (Metodiev et al., 2014). 

1.1.3 m5C in other non-coding RNAs 

 
In addition to tRNA and rRNA, other classes of non-coding RNAs (ncRNAs) were reported to 

be modified with m5C modification (Cusenza et al., 2023; Del Valle-Morales et al., 2022; 
Squires et al., 2012). 

 
Vault RNAs (vtRNAs) are a class of short non-coding RNAs found in eukaryotic cells, of about 

100 nucleotides in length (Stadler et al., 2009). While the exact function of this type of ncRNA 
has been poorly studied, vtRNAs have recently been reported to have a role in cell 

differentiation and development (Hussain, Sajini, et al., 2013; Sajini et al., 2019). 
m5C deposition on position 69 of the vtRNA1.1 was found to determine its transition into small-

vault RNAs, which have a role in coordinating epidermal differentiation (Sajini et al., 2019). 

Interestingly, it was reported that the absence of m5C methylation in vault RNA leads to an 
abnormal processing of the RNA into Argonaute-associated regulatory small RNA fragments 

and will function similarly to microRNAs (Hussain, Sajini, et al., 2013). 
 

The discovery of m5C modification on microRNAs (miRNAs) is also fascinating, and sheds 
light on an additional layer of regulation in gene expression. For instance, the methylation of 

pri-miR-125b2, as observed in HeLa cells, has been found to have important functional 
implications (S. Yuan et al., 2014). In this context, methylation of pri-miR-125b2 inhibits its 

normal processing into pre-miR-125b2 and, subsequently, the cleavage into mature miR-125. 
This disruption in the processing pathway results in the attenuation of the recruitment of the 

RNA-Induced Silencing Complex (RISC), which is essential for the function of miRNAs in gene 

silencing (S. Yuan et al., 2014). As a consequence, the methylation of miRNA can lead to the 
repression of its function in silencing gene expression, highlighting the dynamic and intricate 

regulatory mechanisms that control gene expression at the post-transcriptional level. 
The discovery of m5C modification on the mature sequences of miRNAs miR-21-3p and miR-

200c-3p (Konno et al., 2019) presents insights into the role of epitranscriptomic modifications 
in cancer biology. The methylation levels of miRNAs miR-21-3p and miR-200c-3p were found 

to be increased in pancreatic and colorectal cancer tissues when compared to normal 
samples, despite miRNAs' expression level remained unaltered. In addition, these miRNAs 

m5C levels were higher in serum samples from pancreatic and colorectal cancer patients than 
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in those from normal subjects (Konno et al., 2019), indicating a potential role for these 

modifications as biomarkers for cancer detection. 
miR-181a-5p, a miRNA with a known role as a tumour suppressor, was also found to carry a 

m5C modification (Cheray et al., 2020). However, the removal of m5C from miR-181a-5p 
results in the loss of its tumour-suppressing capabilities (Y. Li et al., 2015). miR-181a-5p’s 

modification was found to inhibit the formation of miRNA/mRNA complex, therefore impeding 
the miRNA’s ability to bind its target mRNAs. Interestingly, miR-181a-5p is often found 

downregulated in glioblastoma (Brower et al., 2014), and its methylation is a hallmark for poor 
prognosis in glioblastoma patients (Cheray et al., 2020). 

These findings add a new layer of complexity to our understanding of how m5C modification 
can influence the roles and functions of crucial regulatory molecules like miRNAs in cancer 

and beyond. Overall, these studies underscore the importance of investigating 

epitranscriptomic modifications for a deeper understanding of cancer biology and the 
development of novel diagnostic and therapeutic strategies. 

 
Lastly, the presence of m5C modifications on long non-coding RNAs (lncRNAs) has unveiled 

a fascinating layer of epitranscriptomic regulation. While several long non-coding RNAs were 
reported to carry m5C modifications (Squires et al., 2012), its molecular function was described 

only on a small number of them (Amort et al., 2013; Cusenza et al., 2023). 
Among the well-known lncRNAs, HOTAIR and XIST were found to bear m5C modifications 

(Amort et al., 2013). Position C:1683 of HOTAIR lncRNA was found to have a remarkably high 
methylation level in multiple cell lines. Although the methylation level in this position was found 

to remain unaltered in breast and ovarian cancer cells (Amort et al., 2013), it is noteworthy 

that this m5C site resides within the H1 region of the lncRNA, known for its interaction with the 
LSD1 complex (Tsai et al., 2010). This rises the intriguing question of whether the m5C content 

of HOTAIR could influence its binding affinity with LSD1. 
In the same study, several m5C sites have been identified in XIST lncRNA, in positions 701, 

702, 703, 711 and 712 (Amort et al., 2013). While the methylation content in these sites was 
calculated to be ~20% in HEK293 cell line, no methylation was observed in RNA samples 

derived from mouse embryos. In vitro RNA-binding assays revealed that the deposition of m5C 
modification impaired the binding of XIST to PRC2 complex (Amort et al., 2013). 

Lastly, the m5C content in several other lncRNAs was demonstrated to have prognostic 

significance (Cusenza et al., 2023) in pathological conditions such as Pancreatic Ductal 
Adenocarcinoma (H. Yuan et al., 2021), Lung Adenocarcinoma (Pan et al., 2021) and others 

(Bai & Sun, 2022; Y. Li et al., 2020). 
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Given that lncRNAs and their methylation levels can be detected in different bodily fluids 

(Chandra Gupta & Nandan Tripathi, 2017), lncRNAs hold the potential to serve as valuable 
biomarkers for prognosis in a wide range of tumours. 

This emerging field of m5C-modified lncRNAs opens exciting avenues for further research into 
their roles, mechanisms, and clinical applications in cancer and other diseases. 

 

1.1.4 m5C in messenger RNA 
 
The first observation of m5C modification in polyadenylated fractions of RNA was obtained 

about 5 decades ago, by incubating hamster (BHK-21) cells with [methyl-3H]-methionine and 
32Pi (Dubin & Taylor, 1975). For many years following this first discovery, research on m5C in 

mRNA remained dormant. Research on m5C as an mRNA modification started accelerating 
when a method for m5C detection and quantification became available for transcriptome-wide 

studies. In 2010, Squires and colleagues published a method for a quantitative and single-
nucleotide detection of m5C, by coupling bisulfite conversion of RNA and high-throughput 

sequencing (bsRNA sequencing) (Squires & Preiss, 2010). 

From a biochemical point of view, the treatment of RNA with bisulfite leads to deamination of 
cytosines into uracil. However, the extra methyl group in 5-methylcytosine protects the 

nucleoside from said deamination. As a consequence, upon cDNA generation via reverse 
transcription, library preparation and sequencing, m5C modification can be detected as non-

converted cytosines, while unmodified cytosines will be detected as uracil (thymine in cDNA) 
(Sibbritt et al., 2022). 

 
The application of this method on RNA samples derived from human cells lead to the discovery 

of approximately 10,000 m5C sites. Of these, ~8,500 were located on protein coding genes 
and showed a stoichiometry over 20% (Squires et al., 2012).  

Subsequently, similar studies were published revealing comparable numbers of m5C 

modifications in other cell lines or tissues. In 2017, a murine methylome was published, 
featuring approximately 7,500 m5C sites with a non-conversion level above 20% found on 

1650 mRNAs derived from mouse embryonic stem cells and about 2,000 sites located on 
almost 500 mRNAs derived from mouse brain tissues. (Amort et al., 2017). These early 

investigations established m5C as a widespread mRNA modification, primarily found in the 
coding sequence, with a pronounced methylation peak surrounding the start codon. Another 

study published on the same year found 5,399 m5C sites in HeLa cells, 5,036 of which were 
located in almost 2,000 mRNAs (X. Yang et al., 2017a). In 2018, a different group reported a 
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similar number of m5C sites in mRNA, highlighting an enrichment of methylation in the 5’ 

untranslated regions (5’ UTRs), in both mouse and human cells (Wei et al., 2018).  
The bsRNA sequencing approach was also applied to other species, such as Arabidopsis 

thaliana, where researchers detected approximately 100 m5C sites on coding genes (David et 
al., 2017). 

 
In addition to the significant body of work surrounding the methylome in mRNA, the 

bioinformatic approach used for m5C site calling in bsRNA sequencing data has undergone 
continuous refinement over the years. In recent works (Huang et al, 2019; Schumann et al, 

2020; Liu et al, 2021), a more refined pipeline for m5C sites calling was adopted, which 
features a more stringent sets of filters that aim to ensure that only high-confidence sites are 

called and to filter out false positives. Some of these revised criteria include (a) a cut-off of 

10% as a minimum non conversion level required for a given site to be considered convincingly 
methylated, as well as other filters like (b) signal-to-noise ratio and (c) the removal of reads 

with more than three non-converted cytosine, which account for highly structured regions of 
the RNA that are inaccessible to the bisulfite conversion and therefore potentially driving the 

number of false positive sites. 
With this revisited approach in bsRNA sequencing data analysis, it became clear that the 

previously reported number of m5C sites in the transcriptome was likely an overestimate. In 
particular, bsRNA sequencing performed in HeLa cells revealed either 1,215 m5C sites (of 

which 686 in poly(A)-enriched RNA) (Huang et al, 2019), or 1,034 m5C sites (of which, 846 
being in protein coding genes) (Schumann et al, 2020). 

To date, it appears that for any given cell type, a number of m5C sites of approximately 1,000 

or less seems more plausible than the initial estimates of 10,000. These numbers were also 
reiterated in other studies, whereby bsRNA sequencing experiments were performed in other 

human cell lines (Liu et al, 2021) or various human tissues (Huang et al, 2019). 
Interestingly, the number of m5C sites can swell to several tens of thousands when analysing 

maternal mRNAs during early animal embryonic development (J. Liu et al., 2022). These 
surprising results seem to re-introduce the idea of m5C as an abundant RNA modification, 

despite the more conservative numbers proposed by recent studies (Huang et al, 2019; 
Schumann et al, 2020; Liu et al, 2021). However, the high number of m5C sites discovered 

during development seem to be in line with the dramatic changes in expression level of the 

many m5C methyltransferase enzymes during different developmental stages (Chi & Delgado-
Olguín, 2013). These discoveries could pave the way towards a better understanding of the 
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distribution and function of m5C modification, which may vary depending on specific 

physiological or pathological conditions throughout the lifespan of an organism.  
 

 

1.2 The protein players of m5C modification 
 
In a similar fashion to other RNA modifications, such as m6A (Y. Yang et al., 2018), there are 

a number of proteins that revolve around the molecular deposition and function of m5C. The 
three categories of protein partners are writer (RNA methyltransferases), erasers 

(dioxygenase enzymes) and reader proteins (RNA-binding proteins that interact with RNA via 
recognition of m5C modification). 

 

1.2.1 m5C writer proteins 
 
The deposition of m5C modification on RNA can be mediated by over ten different RNA 
methyltransferases (Y. S. Chen et al., 2021). Among these, there are proteins belonging to 

the NOL1/NOP2/SUN domain (NSUN) family, the homologue of the DNA methyltransferases 
(DNMT) protein, DNMT2, and the tRNA methyltransferase TRDMT (Bohnsack et al., 2019). 

 

1.2.1.1 NSUN family proteins 
 
The NSUN family of proteins features seven m5C methyltransferase enzymes, NSUN1 to 

NSUN7 (Bohnsack et al., 2019). While NSUN1, NSUN2, and NSUN5 are conserved 

throughout eukaryotes, the remaining NSUN proteins are only present in higher eukaryotes 
(Bohnsack et al., 2019). All the NSUN enzymes can deposit m5C modification to one or more 

RNA species, thereby playing important roles in cellular physiology. 
 

NSUN1 is a nucleolar protein that can directly bind and methylate ribosomal RNA in position 
C:4447 of 28S rRNA in human and C: 2870 of 25S rRNA in yeast (Bourgeois et al., 2015). 

Early studies showed that NSUN1 expression was associated with enhanced proliferation of 
cancer cells in human (Trerè et al., 2000). NSUN1 was also shown to deposit m5C modification 

on TAR RNA, which suppresses HIV-1 transcription (Kong et al., 2020). 
NSUN2 is perhaps the most studied among m5C RNA methyltransferases. This writer protein 

was shown to be able to deposit m5C modifications on several eukaryotic RNA species, such 

as mRNA (Huang et al, 2019; Schumann et al, 2020; Yang et al, 2017), tRNA (Auxilien et al., 
2012; Blanco et al., 2014) and non-coding RNA (Sajini et al., 2019; Squires et al., 2012). 
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Firstly characterised for its methyltransferase activity on tRNA, NSUN2 catalyses the addition 

of m5C modifications in position C:48/49/50 on the variable loop of several tRNAs (Bohnsack 
et al., 2019), where they enhance tRNA stability and protein synthesis (Blanco et al., 2014). 

NSUN2 is believed to be the main methyltransferase also for mRNA, where it can decorate 
both the coding sequence and untranslated regions with m5C modification (Huang et al, 2019; 

Schumann et al, 2020; Yang et al, 2017). NSUN2-dependent m5C sites are typically 
characterised by a m5CNGGG sequence motif and a secondary structure that mimics the 

sequence context around the NSUN2-dependent m5C site located in the variable loop of tRNA 
(Huang et al, 2019; Schumann et al, 2020), and therefore classed as “Type I” sites. 

Dysregulations of NSUN2 levels have been associated with different pathological conditions. 
For example, lack of NSUN2 protein can lead to mitotic disorders, aneuploidy and cell death 

(Hussain, Sajini, et al., 2013). NSUN2 has regulatory role also in neuroepithelial and epidermal 

stem cells differentiation (Blanco et al., 2014; Hussain, Sajini, et al., 2013), and deficiency of 
NSUN2 during brain development was shown to delay neural differentiation and migration, 

triggering the onset of Dubowitz-like syndrome (Flores et al., 2017; Martinez et al., 2012). 
In addition, NSUN2 was found to be differentially expressed in various cancer cells, where it 

is involved in pathogenesis. In gallbladder cancer, lack of NSUN2 leads to reduced 
proliferation and tumorigenesis (Gao et al., 2019). Similarly, NSUN2-dependent methylation 

promotes the pathogenesis of human bladder cancer by stabilising mRNAs (X. Chen et al., 
2019). 

It's interesting to note that NSUN2 plays a role in viral metabolism, particularly in the context 
of HIV-1 RNA (Courtney, Tsai, et al., 2019) and murine leukemia virus (MLV) (Courtney, 

Chalem, et al., 2019). By depositing m5C modifications on these viral RNAs, NSUN2 impacts 

various aspects of viral metabolism, such as viral mRNA alternative splicing and translation in 
HIV-1 virus (Courtney, Tsai, et al., 2019) and gene expression and replication of MLV virus 

(Courtney, Chalem, et al., 2019). This dual role of NSUN2 in both cellular processes and viral 
interactions highlights its multifaceted functions and the potential significance of its regulation 

in different biological contexts. 
 

NSUN3 is responsible for the methylation of the mitochondrial tRNAMet (mt-tRNAMet) in position 
C:34 (Trixl et al., 2018), which in turn can be oxidised into f5C34 by the human and mouse 

dioxygenase ABH1/ALKBH1 (Haag et al., 2016). This modification is located in the wobble 

position of mt-tRNAMet, it is necessary for efficient mitochondrial translation and enables the 
recognition of the three codons for methionine used in the non-universal genetic code of 

mitochondria (Haag et al., 2016). Upon NSUN3 knockout, human cells showed a dramatic 
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reduction translation of mitochondrial protein and a reduced oxygen consumption, leading to 

deficient mitochondrial activity (Nakano et al., 2016). In mouse embryonic stem cells (mESCs), 
the knockout of NSUN3 methyltransferase triggered differentiation towards endoderm and 

mesoderm instead of neuroectoderm (Trixl et al., 2018).  
 

NSUN4 is the methyltransferase responsible for the modification of rRNA (Cámara et al., 
2011). NSUN4 was shown to deposit m5C modification in position C:911 of 12S mitochondrial 

rRNA, upon recruitment by MTERF4 (Metodiev et al., 2014). NSUN4 can regulate 
mitochondrial ribosome assembly and protein synthesis (Cámara et al., 2011). The knockout 

of NSUN4 protein in the heart was shown to cause cardiomyopathy and respiratory defects, 
probably caused by defects in mitochondrial assembly and function (Metodiev et al., 2014). 

 

NSUN5 protein can target rRNA and can modify position C:3782 in human and C:3438 in 
mouse (Heissenberger et al., 2019; Janin et al., 2019). Human m5C3438 has a major role in 

rRNA function (Janin et al., 2019). The epigenetic silencing of NSUN5 gene in glioma was 
shown to drive an overall depletion of protein synthesis, and leads to the emergence of an 

adaptive translational program for survival under conditions of cellular stress (Janin et al., 
2019). In addition, such NSUN5 deficiency also renders these gliomas sensitive to 

bioactivatable substrates of the stress-related enzyme NQO1 (Janin et al., 2019). 
NSUN5 methyltransferase is found under-expressed in 95% of patients affected by Williams-

Beuren syndrome (P. Chen et al., 2019), as well as cognitive deficit disease (T. Zhang et al., 
2019). Fibroblasts with NSUN5 haploinsufficiency extracted from Williams-Beuren syndrome 

patients showed a substantial reduction of m5C content at position C:3782. Altogether, this 

suggests that the methyltransferase activity of NSUN5 protein can play a major role in 
regulating the development of the nervous system. 

NSUN5 can also mediate the deposition of m5C in position C:2268 of 25S rRNA in Arabidopsis 
Thaliana (Burgess et al., 2015), while its yeast homolog modifies 25S rRNA in position C:2278 

(Schosserer et al., 2015). 
 

NSUN6 can deposit m5C modification in position C:72 of the acceptor stem of human tRNACys 
and tRNAThr (Haag et al., 2015). Importantly, in order for NSUN6 to recognise its tRNA targets 

and correctly methylate them, tRNAs have to be full length, properly folded and added with 

the extra CCA sequence at their 3’ end (Haag et al., 2015). 
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The homolog of NSUN6 in archaeal Pyrococcus horikoshii can also methylate tRNACys in 

position C:72, thereby conferring this tRNA a moderately improved thermal stability (J. Li et 
al., 2019).  

NSUN6 can also act as an m5C methyltransferase for mRNA, where it accounts for a 
considerable amount of m5C sites, after NSUN2 (Selmi et al, 2021; Liu et al, 2021). NSUN6-

dependent m5C sites on mRNA are classed as “Type II” sites and are typically characterised 
by the sequence (m5CUCCA) and secondary structure motif found in its tRNA target (Liu et 

al, 2021). 
 

The last of the member of the NSUN family of protein, NSUN7, acts as the methyltransferase 
for enhancer RNAs (eRNAs), where it is suggested to function as a regulator of adaptive 

metabolism response (Aguilo et al., 2016). NSUN7 expression level is abundant during mouse 

embryonic development, during which a deficient expression of NSUN7 can lead to sperm 
mobility issues and infertility (Harris et al., 2007), as well as intellectual disability (Chi & 

Delgado-Olguín, 2013). 
A recent study discovered that NSUN7 can mediate the deposition of m5C on several tens of 

mRNAs (Ortiz-Barahona et al., 2023). Among these, the mRNA of the coiled-coil domain 
containing 9B (CCDC9B) gene (chr15:40335427) requires NSUN7-mediated methylation for 

transcript stability. NSUN7 is often epigenetically silenced in liver malignant cells; as a 
consequence, CCDC9B mRNA gets destabilised, leading to the upregulation of its protein 

partner IVNS1ABP, involved in MYC signalling. This cascade of events ultimately leads to liver 
cancer cells to be more sensitive towards the growth-inhibitory actions of bromodomain 

inhibitors (Ortiz-Barahona et al., 2023). 

 

1.2.1.2 TRDMT1 
 

tRNA-aspartic acid methyltransferase 1 (TRDMT1), originally known as DNA 

methyltransferase 2 (DNMT2), is a conserved m5C writer protein responsible for the deposition 
of m5C modification in position C:38 of tRNAAsp (Goll et al., 2006). This modification was shown 

to be improve the translation of Asp-rich proteins (Shanmugam et al., 2015) as well as to 
ensure translation fidelity (Tuorto et al., 2015). 

TRDMT1 is necessary to trigger a normal immune response in Drosophila, and its deficiency 
was reported to lead to accumulation of Drosophila C virus (Durdevic et al., 2013). The lack 

of TRDMT1 protein in Drosophila was also found to increase cell sensitivity to heat and 
oxidative stress, as a result of stress-induced cleavage of tRNA (Schaefer et al., 2010). 
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Finally, TRMDT1 was found to deposit m5C modification on mRNA, and its depletion was 

reported to inhibit HEK293 cell proliferations and migration (S. Xue et al., 2019). 
 

1.2.1.3 TRM4A/B 
 

Both TRM4A and TRM4B catalyse the addition of m5C modification on tRNA in Arabidopsis 
thaliana (J. Hu et al., 2019). In addition to tRNA, TRM4B (but not 4A) can also methylate 

mRNA and other non-coding RNAs, such as lncRNA and snRNA (Cui et al., 2017; David et 
al., 2017). In particular, TRM4B-mediated deposition of m5C was reported to be an important 

regulator of Arabidopsis’ cell proliferation and sensitivity to oxidative stress (David et al., 
2017). 

 
 

1.2.2 m5C eraser proteins 
 
Unlike other epitranscriptomic marks, such as m6A modification, that has designated proteins 

responsible for the removal of the methyl group from the modified adenosine (Jia et al., 2011; 
Zheng et al., 2013), m5C eraser proteins present a more complex scenario.  

Recent research showed that m5C does not seem to have a protein responsible for 

demethylation, but it rather presents a more intricate landscape. There are two proposed m5C 
“erasers”, but instead of removing the methylation they further modify the target RNA (Y. S. 

Chen et al., 2021). 
 

TET1/2/3 are a group of dioxygenase proteins that belong to the ten-eleven translocation 
(TET) family. They were originally characterised for their ability to oxidise m5C into 5-

hydroxymethylcytosine (hm5C) on DNA (Kohli & Zhang, 2013; Tahiliani et al., 2009). However, 
a recent study discovered that These set pf proteins can also target RNA, thereby oxidising 

RNA m5C into hm5C (Fu et al., 2014). The overexpression of TET proteins in HEK293 cells 
resulted in the overall increase of cellular hm5C levels (Fu et al., 2014). Notably, TET2 protein 

was found to target the oxidisation of m5C modification in mRNA, which triggers mRNA 

degradation (Shen et al., 2018). This indicates an important role for both modification in 
regulating mRNA gene expression, and the deregulation of mRNA stability upon disruption of 

m5C-hm5C balance. 
 

Similarly, alpha-ketoglutarate-dependent dioxygenase ABH1 (ALKBH1) protein is also 
dioxygenase enzyme that can target both DNA (Wu et al., 2016) and RNA (Westbye et al., 
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2008). In the context of m5C modification in RNA, ALKBH1 can catalyse the oxidation of 

m5C34 to hm5C34 of tRNACys in the cytoplasm and tRNAMet in mitochondria (Haag et al., 2016; 
Kawarada et al., 2017). The lack of ALKBH1 protein was associated with deficient translation 

of mitochondrial proteins and oxygen consumption (Kawarada et al., 2017). Therefore, the 
data collected in these studies indicate the important of m5C for the correct function of 

mitochondrial metabolism. 
 

m5C writer proteins 
MTase target RNA species 
NSUN1 28S rRNA 
NSUN2 tRNA, vtRNA, mRNA 
NSUN3 mt-tRNA 
NSUN4 mt-12S rRNA 
NSUN5 28S rRNA, mRNA 
NSUN6 tRNA, mRNA 
NSUN7 eRNA, mRNA 

TRDMT1 tRNA, mRNA 
TRM4A tRNA, mRNA, lncRNA 
TRM4B tRNA 

 

Table 1 – m5C writer proteins. 
 

1.2.3 m5C reader proteins 
 
The way in which epitranscriptomic modifications exert their function in regulating RNA 

metabolism is often related to their ability to interact with RNA-binding proteins (RBPs). 
Proteins that bind RNA specifically through the interaction with their m5C modifications are 

called m5C readers. Recent literature has revealed a handful of RBPs that work as m5C 
readers: Aly/REF export factor (ALYREF) (X. Yang et al., 2017a),  Y-box-binding protein 1 

(YBX1) (X. Chen et al., 2019; Y. Yang et al., 2019; Zou et al., 2020), Y-box-binding protein 2 

(YBX2) (X. Wang et al., 2022) and serine and arginine rich splicing factor 2 (SRSF2) (H. L. 
Ma et al., 2023). 
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Figure 2 – The function of m5C:mRNA reader proteins. 
Adapted from Guarnacci & Preiss, (2024) 
 

ALYREF is the very first identified m5C reader protein (X. Yang et al., 2017a). Being a key 
component of the TREX complex, a well-known protein complex for mRNA export (Dufu et al., 

2010), ALYREF is a nuclear protein. In the nucleus, ALYREF is able to binds m5C-decorated 
mRNA via interaction with its m5C recognition site on K171 and mediate their transport to the 

cytoplasm (X. Yang et al., 2017a). Knockdown experiments of NSUN2 methyltransferase 

resulted in a significant accumulation of ALYREF reader in the nuclear speckles, despite its 
unchanged overall abundance in the cells. This suggests that m5C modification contributes to 

the regulation of mRNA export to the cytoplasm (X. Yang et al., 2017a). Photoactivatable 
ribonucleoside enhanced crosslinking and immunoprecipitation (PAR-CLIP) sequencing 

experiments revealed that almost 50% of m5C-decorated mRNAs in HeLa and T24 cells are 
bound by ALYREF reader protein (X. Chen et al., 2019), further indicating the extent and 

significance of ALYREF as an m5C reader protein.  
ALYREF plays an important role as an m5C reader also in viral biology (Dufu et al., 2010). 

Triple-quadrupole (QQQ) liquid chromatography-mass spectrometry (LC-MS) analyses 

revealed that the RNA genome of murine leukemia virus (MLV) is highly modified with m5C. 
ALYREF knockdown and overexpression experiments revealed a m5C/ALYREF-dependent 

regulation of viral protein production and replication, specifically via regulating the levels of 
MLV Gag protein. Notably, overexpression of a mutant version of ALYREF protein (K171A) 

that is unable to bind m5C-RNA failed to rescue the phenotype (Dufu et al., 2010).  
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YBX1 is another m5C reader protein discovered in human cells (X. Chen et al., 2019). YBX1 

is a cytoplasmic protein, and can bind and stabilise m5C-decorated RNA via interaction with 
its indole ring of W65 in its cold-shock domain (CSD) (X. Chen et al., 2019).  

In bladder cancer (human urothelial carcinoma of the bladder - UCB), YBX1 can stabilise 
several oncogenes via recruiting ELAVL1 protein onto methylated mRNA. Among these, the 

oncogene HDGF (chr1:156743366) is a target of YBX1, and its stabilisation was linked to 
cancer pathogenesis and progression (X. Chen et al., 2019). Notably, in the same study, PAR-

CLIP sequencing experiments revealed that 60% of m5C-decorated mRNAs in HeLa and T24 
cells are bound by YBX1 reader protein and 394 of them had a reduced RNA level upon 

NSUN2 methyltransferase knockdown (X. Chen et al., 2019). 
YBX1 is an m5C reader also in zebrafish, where over 85% of m5C-mRNAs were recognised 

by YBX1, and 397 of them had a reduced RNA level upon YBX1 knockdown (Y. Yang et al., 

2019). In the same study, researchers demonstrated that YBX1 has an important role during 
zebrafish maternal-to-zygotic transition (MZT) by stabilising maternal mRNAs. In particular, 

once bound to a methylated mRNA, YBX1 can recruit Pabpc1 (poly(A) binding protein 
cytoplasmic 1), and therefore co-ordinately regulate the stability of m5C-modified maternal 

mRNA (Y. Yang et al., 2019). 
The homolog protein of YBX1 in Drosophila, Ypsilon schachte (YPS), also works as a m5C 

reader protein in Drosophila ovary (Zou et al., 2020). YPS protein was demonstrated to 
regulate the homeostasis, proliferation and differentiation of Drosophila germline stem cells 

(GSCs), and mutations in the CSD of this protein lead to defective GSC development (Zou et 
al., 2020). 

A second member of the YBX family found to function as an m5C reader protein is the testis-

enriched YBX2 (X. Wang et al., 2022). YBX2 contains an intrinsically disordered domain and 
is inclined to undergo liquid-liquid phase separation. Research has shown that m5C:RNA 

facilitates the formation of YBX2 droplets in vitro. In cultured HeLa cells, YBX2 binding was 
notably enriched around the 5′ region m5C sites introduced by NSUN2, and the formation of 

YBX2 droplets was reduced when NSUN was knocked out (X. Wang et al., 2022). 
Finally, the most recent m5C reader protein was identified to be the serine and arginine rich 

splicing factor 2 (SRSF2) (H. L. Ma et al., 2023). SRSF2 footprints were found to colocalise 
with m5C modifications on mRNA, and its knockdown results in splicing deregulation (H. L. 

Ma et al., 2023). 
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m5C reader proteins 
RBP Function 

ALYREF Nuclear Export 
SRSF2 Splicing Regulation 
YBX1 mRNA Stability 
YBX2 Liquid-liquid Phase Separation 

 

Table 2 - m5C reader proteins. 
 

1.3 The function of m5C 
 
The accumulation of studies from the past decade has brought to the light how m5C is a 

widespread RNA modification, present in all known species of RNA (Boccaletto et al., 2022). 
The combined efforts of different research groups have also revealed how m5C can have a 

broad effect on regulating different steps of coding and non-coding RNA metabolism, including 

stability (X. Chen et al., 2019; Y. Yang et al., 2019), export (X. Yang et al., 2017a) and 
translation (Schumann et al, 2020).  

From a cellular biology point of view, m5C modification and several of its methyltransferase 
proteins have been implicated in different cellular contexts, including cell proliferation (W. 

Wang, 2016), migration and development (P. Song et al., 2021).  
Lastly, m5C levels of RNA is often found to be deregulated in different cancer types, and m5C 

writer, reader and eraser proteins were all found to have important roles in cancer and cancer 
microenvironment (H. Song et al., 2022). 

 

1.3.1 The role of m5C in molecular function  
 
The regulation of gene expression is an intricate and multifaceted process. It is now clear how 

the regulation of mRNA processing plays a considerable part in a wide array of cellular 

processes. Building upon this, the discovery and study of post-transcriptional modifications of 
RNA have revealed a new and powerful tool that provides versatility and adaptability to many 

different molecular and biological processes, making epitranscriptomic an additional layer of 
gene expression regulation.  

 
Among other mRNA modifications, m5C was found to be an important regulator for several 

steps of RNA metabolism (Gilbert & Nachtergaele, 2023). 
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To date, it is unclear at what stage of mRNA processing m5C is deposited. A small proportion 

of m5C sites have been reported to be localised within introns both in human (X. Yang et al., 
2017a) and in mouse embryonic stem cells (mESCs) and brain tissue (Amort et al., 2017). 

This suggests that the deposition of m5C may happen on pre-mRNA, prior to splicing events. 
This hypothesis would also be in agreement with the nuclear presence of some of the m5C 

methyltransferase enzymes (Bohnsack et al., 2019). However, the majority of these intronic 
sites were found from the sequencing of poly(A)-enriched RNA samples, therefore it cannot 

be excluded that the m5C deposition happened on mature mRNAs with retained introns as 
opposed to nascent pre-mRNAs. Nucleus-cytoplasm fractionation followed by bsRNA 

sequencing experiments revealed that intronic m5C sites in poly(A)-selected RNA were much 
more abundant in the nucleus (44% to 70%) compared to the total cellular poly(A) RNA (3% 

to 11%) (Amort et al., 2017). These findings could suggest that these transcript with retained 

introns are either retained and degraded in the nucleus or are promptly degraded upon export 
to the cytoplasm. In both hypotheses, it is possible that m5C could work as a mark for 

improperly spliced mRNAs. 
Additionally, enrichment analyses performed by Amort and colleagues (2017), revealed that 

the footprint of SRSF3 and SRSF4 splicing factors on target mRNAs was significantly 
overlapping with m5C sites, indicating the possibility for m5C modifications to take part in 

splicing regulation.  
 

mRNA export to the cytoplasm is a tightly regulated process (Adams & Wente, 2013; Reed & 
Hurt, 2002). m5C modification has been implicated in mRNA export regulation via the 

interaction of the TREX complex (X. Yang et al., 2017a). This process requires the direct 

interaction between m5C sites on mRNA and ALYREF RBP, an m5C reader protein that 
functions as a link to the TREX complex, which facilitates mRNA export. Upon NSUN2 

knockout, the shuttling of ALYREF between the nucleus and the cytoplasm was affected, 
therefore affecting m5C-mRNA subcellular localisation. The lack of NSUN2 methyltransferase 

resulted in the retention of m5C-mRNAs in the nucleus, while no effect was observed in non-
methylated transcripts, therefore indicating a critical role for m5C modification in regulating 

mRNA export (X. Yang et al., 2017a).  
 

In 2019, two different studies were published providing evidence for m5C being a regulator for 

mRNA stability in human (X. Chen et al., 2019) and zebrafish (Y. Yang et al., 2019). Notably, 
while both groups linked m5C modification to mRNA stability, the mechanism behind this 

regulation in the two different species relied on different pathways.  
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The maternal-to-zygotic transition (MZT) represents a crucial phase in development where the 

overall expression of maternal mRNAs decreases, and the activation of zygotic genes 
becomes essential (Yartseva & Giraldez, 2015). In the case of zebrafish, the NSUN2 

methyltransferase is responsible for introducing the m5C modifications, which serve to 
enhance the stability of a specific group of maternal mRNAs involved in mRNA processing 

and cell cycle regulation (Y. Yang et al., 2019). This phenomenon is dependent on the YBX1 
recognising and binding m5C-containing mRNAs, and subsequently recruiting PABPC1, 

thereby stabilising these mRNA transcripts. Notably, the absence of YBX1 in zebrafish leads 
to a halt in development at 6 hours post-fertilization and eventual fatality, underscoring the 

pivotal role of m5C-mediated maternal mRNA stabilization in ensuring proper development (Y. 
Yang et al., 2019). 

In human, m5C-dependent mRNA stabilisation was observed in urothelial carcinoma of the 

bladder (UCB) (X. Chen et al., 2019). RNA samples derived from UCB patients were found to 
have significantly more m5C sites compared to their relative control, and this higher m5C 

content correlated with increased stability of several oncogenes previously observed to drive 
tumorigenesis and metastasis (X. Chen et al., 2019). Chen and colleagues demonstrated that 

YBX1 protein, upon binding m5C-decorated oncogenes could recruit ELAVL1 protein, thereby 
improving stability. 

m5C is also a stability regulator for other classes of RNA molecules. In tRNA for example, 
NSUN2 dependent m5C48 and m5C49 modifications are strategically positioned at the junction 

sequence of the V-loop (VL) and T-stem-loop (TSL). These modifications contribute 
significantly to tRNA stability and promote efficient protein translation (Reid et al., 1999; Van 

Haute et al., 2019). Similarly, m5C modification in position C:2278 on 25S rRNA in yeast has 

an important role in stabilising the molecule, and its deletion results in the impaired stability of 
the 60S subunit and reduced translation efficiency (Sharma et al., 2013). 

 
Lastly, m5C modification of mRNA as well as tRNA and rRNA has a role in regulating protein 

synthesis. m5C sites on tRNA are predominantly located on the variable loop and anticodon 
arm (Fig. 1) and are important for tRNA stability and codon recognition (H. Song et al., 2022). 

In mice, the deletion of m5C site in position C:38 of tRNAMet leads to reduced translation fidelity 
(Tuorto et al., 2015). Similarly, m5C site on C:38 of tRNAAsp is important to distinguish between 

cognate and near-cognate codons, such as differentiating tRNAAsp from tRNAGlu (Tuorto et al., 

2015). In yeast, m5C:34 of tRNALeu is also important for translation regulation. m5C:34 levels 
are significantly increased upon oxidative stress, which leads to an enhanced translation of 
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UUG-codons abundant mRNAs, such as the ribosomal protein eL22a (Rpl22a) (Chan et al., 

2012). 
m5C deposition on rRNA is relevant for ribosome and protein synthesis. The methylation of 

C:2278 in yeast 25S rRNA maintains correct rRNA folding upon oxidative stress, which in turn 
facilitates the selective recruitment and translation of mRNAs in response to distinct cellular 

signals (Schosserer et al., 2015). rRNA methylation in also critical for mitochondrial 
translation: with m5C:911 on 12S rRNA being necessary for the correct assembly of the 

mitochondrial ribosome and therefore protein synthesis (Metodiev et al., 2014).  
m5C deposition on mRNA also has an effect of their translation efficiency. As m5C modification 

on the anticodon loop of tRNA affects the codon-anticodon recognition (Shanmugam et al., 
2015), it is plausible to hypothesise that the methylation of mRNA could have similar effects. 

As NSUN2 and NSUN6 methyltransferases can target both mRNA and tRNA, a global 

assessment of mRNA translation using knockdown or knockout approaches would make it 
challenging to distinguish between direct and indirect effects. However, Schumann and 

colleagues used a different approach to assess the role of effects of m5C modification on 
mRNA on translation efficiency. Polysome profiling experiments in HeLa cells, followed by 

bsRNA sequencing revealed a broad reverse correlation between m5C content on mRNA and 
their association with (poly)ribosomes (Schumann et al, 2020). This indicates that the 

methylation levels of mRNA could affect the efficiency at which ribosome could process 
mRNAs for protein synthesis.  

 

1.3.2 The role of m5C in cellular function  
 
A collection of recent literature has brought to light numerous links between m5C modification, 

and its methyltransferase enzymes, with various cellular pathways (Wilkinson et al., 2022).  
 

In 2021, Jian and colleagues discovered a link between m5C and cell death.  BsRNA 

sequencing performed on a neuronal model for oxygen-glucose deprivation and 
reoxygenation (OGD/R) revealed an overall increase of methylation upon OGD/R (Jian et al., 

2021). In particular, a subset of transcripts were found hypermethylated and they were 
functionally associated with apoptosis (Jian et al., 2021). Studies about the involvement of 

m5C modification in cell death are limited, and while the functional significance of this 
association needs to be further investigated, it suggests a role for m5C in initiating apoptosis 

upon OGD/R-mediated stress conditions.  
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NSUN2-mediated RNA methylation was found to promote cellular senescence in different 

contexts. In HeLa cells, the m6A writer complex METTL3/METTL14 and m5C 
methyltransferase NSUN2 can synergistically deposit m6A and m5C on the 3’ UTR of p21 gene 

(C:2079) (Q. Li et al., 2017). Together, these two methylation marks can increase the 
translation level of p21 protein, which ultimately induces cellular senescence (Q. Li et al., 

2017). In human umbilical vein endothelial cells, NSUN2-dependent methylation of SHC 
mRNA (chr1:154963697) enhances the translation of the three proteins, p66SHC, p52SHC, 

and p46SHC. As a result, an accelerated oxidative stress- and high-glucose-induced 
senescence of human vascular endothelial cells (HUVEC) was observed (Cai et al., 2016).  

Conversely, NSUN2 was shown to negatively affect senescence in human diploid fibroblasts 
(Tang et al., 2015). NSUN2 deposits an m5C modification in position C:64 on the 5’ UTR of 

p27, an inhibitor of CDK, which lowers the translation efficiency of p27. A decrease of p27 

protein level leads to an increase in expression of CDK1, which in turn inhibits cellular 
senescence. Therefore, by indirectly promoting CDK1 protein synthesis, NSUN2-dependent 

m5C can promote cell proliferation and inhibit cellular senescence (Tang et al., 2015). 
Overall, the apparently contrasting roles of NSUN2 to regulate cellular senescence may be 

context specific and relying on different pathways to either promote or contrast cellular 
senescence. 

NSUN2 protein is also involved in regulating the delicate balance between cellular self-
renewal and differentiation, by methylating tRNA. Upon NSUN2 knockout in epidermal stem 

cells, the anagen phase (the active growth phase of hair follicles) cannot be initiated correctly 
and significantly delays the accurate differentiation of hair lineages (Blanco et al., 2011). 

In male gonads, NSUN2-mediated m5C modification on tRNAs is not essential for 

spermatogonial stem cells but become specifically necessary for the meiotic progression of 
germ cells into the pachytene stage (Hussain, Tuorto, et al., 2013). Similarly, during early 

human brain development, NSUN2 is expressed in neuroepithelial progenitors and is required 
for their differentiation potential. The loss of NSUN2 results in increased tRNA fragmentation, 

impairing the migration and differentiation of neuroepithelial stem cells (Flores et al., 2017). 
In a similar fashion to NSUN2, NSUN7 has also been implicated in cell differentiation. This 

connection is highlighted by the fact that loss-of-function mutations in NSUN7 have been 
associated with male infertility, suggesting that the NSUN7-mediated m5C methylation 

pathway could play a role in germ cell differentiation (Harris et al., 2007). 

 
NSUN2 protein was also shown to have a role in regulating cell migration in an m5C-dependent 

manner in the human glioma cell line U87 (X. Xu et al., 2020). NSUN2 deposits an m5C 
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modification at C:2756 of the 3’ UTR of the autotaxin (ATX) gene, which is then bound by 

ALYREF reader protein, transported into the cytoplasm and translated. ATX is a glycoprotein 
recognised as a key factor for the conversion of  lysophosphatidylcholine into lysophosphatidic 

acid (LPA), a lipid which promotes cellular migration and tumorigenicity (Valdés-Rives & 
González-Arenas, 2017; X. Xu et al., 2020). Interestingly, knockdown of NSUN2 decreased 

ATX protein levels and suppressed the migration of U87 cells, whereas overexpression of 
NSUN2 elevated ATX protein levels (X. Xu et al., 2020). 

NSUN2 was also found to promote cell migration in gastric cancer (GC), possibly via the 
deposition of m5C sites on PIK3R1 and PCYT1A mRNAs, genes known to be involved in 

multiple cancer-related signalling pathways (Y. Hu et al., 2021).  
 

Notably, mRNA can be decorated with m5C modification at DNA damage sites. This 

modification is mediated by TRDMT1 methyltransferase, which is recruited to these sites to 
deposit m5C modifications on RNA molecule in a DNA:RNA hybrid (H. Chen et al., 2020). The 

absence of TRDMT1 compromises homologous recombination (HR) and heightens cellular 
sensitivity to DNA double-strand breaks (DSBs). These findings reveal an unexpected 

TRDMT1-m5C relationship that is necessary for HR, suggesting that m5C RNA modifications 
can also function as DNA damage codes, regulating DNA repair processes (H. Chen et al., 

2020). 
 

1.3.3 The role of m5C in cancer and immunotherapy  
 

The overall level of m5C content, as well as the expression levels of m5C writers, readers or 
erasers, are often related to different cancer types to varying degrees (H. Song et al., 2022). 

For instance, writer proteins like NSUN1 and NSUN2 have shown potential as predictive 
markers for the onset and progression of various cancer types, including colorectal, breast, 

and lung cancers (Chellamuthu & Gray, 2020). Similarly, the expression levels of writer protein 

DNMT1 and the reader protein ALYREF could predict morbidity and mortality in patients 
affected with head and neck squamous cell carcinoma (HNSCC) (M. Xue et al., 2020). 

Another recent studied compared the mutation and copy number variations (CNVs) rates of 
several m5C writers, readers and erasers between several different cancer types and their 

adjacent normal tissue controls (Y. He et al., 2021). This pan-cancer analysis revealed that 
aberrant alterations of m5C regulatory genes significantly correlated to poor clinical outcomes 

among various tumours, which may drive cancer pathogenesis and/or survival (Y. He et al., 
2021).  
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Two recent studies have proposed m5C content and its methyltransferase enzymes 

expression level to be a prognostic biomarker for Hepatocellular Carcinoma (HCC) (Y. He et 
al., 2020; Z. Sun et al., 2020). Aberrant regulation of m5C regulatory genes was linked to HCC 

patients’ survival rate. In particular, elevated expression of NSUN4 and ALYREF is 
significantly associated with low survival rates among HCC patients (Y. He et al., 2020). 

Moreover, NSUN2-dependent methylation of H19 lncRNA was found to increase its stability 
and therefore interaction with the oncoprotein G3BP1, thereby leading to poor HCC 

differentiation (Z. Sun et al., 2020).  
Methylation levels of mRNAs has also been linked to cancer pathogenesis. In human bladder 

urothelial carcinoma (UCB), NSUN2-dependent m5C modification on the 3’UTR of HDGF 
(chr1:156743366) oncogene and recognition by YBX1 reader protein drives pathogenesis of 

the urothelial carcinoma (X. Chen et al., 2019). Moreover, overexpression of NUSN2, YBX1, 

or HDGF predicted a poorer survival rate in UCB patients (C. Zhang et al., 2019).  
 

Given the established relation between m5C modification biology and various types of cancers, 
researchers have started investigating the potential role of m5C modification and m5C writers 

and readers in cancer immunotherapy.  
One of the hallmarks of cancer is the cell evasion from the immune system, with T-cell 

exhaustion being one of the possible mechanisms by which human cancer can escape 
immune surveillance (Lu et al., 2020). The interaction between NSUN2 expression and T-cell 

activation status was reported to correlate to HNSCC patients’ survival, which indicates that 
NSUN2 could serve as a precision marker for immune-checkpoint blockade and a potential 

target for therapy (Lu et al., 2018, 2020). Moreover, NSUN2 was shown to promote the 

translation of the intracellular adhesion molecule 1 (ICAM-1) mRNA via m5C deposition, which 
functionally leads to the inhibition of M2-macrophage polarisation and the suppression of 

tumour metastasis (Luo et al., 2016). 
 

Other m5C regulator proteins are also reported to be possible targets for cancer 
immunotherapy. YBX1 m5C reader protein is one of the most common tumour-associated 

antigen and is known to induce T cell response (Trevarton et al., 2019), which could make it 
a good target of effector immunity and a possible vaccine candidate.  

 

YBX1 also exhibits upregulation in chemo-resistant HCC cells, and its knockout has been 
shown to reverse chemoresistance through two mechanisms: by inhibiting PD-L1 expression 

and by enhancing T-cell activation within the tumour microenvironment (Maurya et al., 2017). 
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This reversal involves an increase in functional cytotoxic CD8+ T cells and a decrease in 

myeloid-derived suppressor cells and regulatory T cells, ultimately overcoming the 
immunosuppressive environment and immune escape observed in HCC (Maurya et al., 2017). 

Furthermore, it was demonstrated that targeting the YBX1 signalling cascade can effectively 
address both tumour immune evasion and multidrug resistance, offering a promising 

therapeutic approach against chemo-resistant tumours (Tao et al., 2019). In summary, these 
findings highlight the potential utility of modulating m5C regulators as a viable strategy to 

develop therapy. 
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2. Aims of the thesis 
 

This thesis is driven by the overarching goal of unravelling the intricate landscape of 5-
methylcytosine (m5C) modifications within RNA molecules and deciphering their multifaceted 

roles in cellular processes. The primary aims of this research can be summarized into three 
key objectives: 

 

1. Compiling a union list of human m5C sites  
 

The first aim of this thesis is to provide a high confidence unified dataset of m5C modifications 
across various RNA species within the human transcriptome, comprehensive of multiple cell 

types for which m5C detection data is available. This involves the systematic re-analysis of 

publicly available RNA Bisulfite-Sequencing (BsRNA-Seq) data to generate a union list of 
human m5C sites. By delineating the distribution and prevalence of m5C modification on RNA, 

we aim to clarify the “methylome” of diverse human cell types in a way that is unbiased by 
transcriptome differences of individual cells in the human body, with regard to different 

expression levels of m5C writer proteins and their targets. Additionally, the resulting union set 
will provide a high statistical power that can be used to perform various enrichment analyses. 

 

2. Investigating the enzymology of different NSUN proteins 
 

The second major objective of this thesis revolves around investigating the diverse array of 

writer proteins responsible for the deposition of m5C modification. This includes the exploration 
of specific m5C writers, such as NSUN2, NSUN6, and NSUN5, and their roles in mediating 

mRNA methylation. With this, we aim to elucidate the specific RNA features that are 
recognised by these proteins and are responsible for m5C modification distribution pattern in 

the human transcriptome. 
 

3 Investigating the interplay between m5C modifications and RBPs 
 
The third aim of this research focuses on the interplay between m5C modifications and RNA-

binding proteins (RBPs). We seek to identify and analyse the enrichment of known RBPs 
around m5C sites, trying to unveil the possible regulatory mechanisms behind these 

interactions. Lastly, we aim to elucidate how the function of UPF1 RBP is influenced by the 

methylation content of its target mRNAs, thereby understanding the regulatory role of m5C 
modification in the context of RNA metabolism. 
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3. Materials and Methods 
 

3.1 Quality control and mapping of RNA BS-seq reads 
For each public dataset, raw reads were subjected to FastQC (v0.11.9). Low-quality bases 

and adaptor sequences were removed using Trimmomatic (v0.38) with options 
ILLUMINCLIP:Adapter.fa:2:30:10:8:true LEADING:3 TRAILING:3 SLIDINGWINDOW: 4:20 

MINLEN:50. We checked the conversion level for each dataset using spike-in sequence. 
Clean reads were mapped on the 45S rRNA, pre-tRNA, and predicted mature tRNA using 

meRanT tool (align bsRNA-seq reads to reference using Bowtie2 v2.3.5) in MeRanTK 
(v1.2.1b) with options (-k 10). Then, paired reads were obtained from unmapped reads using 

seqkit. Finally, unmapped reads pairs were mapped to the hg38 genome using the meRanGh 
tool (align bsRNA-seq reads to reference using HISAT2 v2.1.0) in MeRanTK with options (-

fmo). Only uniquely mapped reads were retained and used for m5C sites detection. 
 

3.2 m5C site calling and annotation for each dataset 
The discovery of m5C sites for each dataset was performed similarly to Schumann et al, 2020. 
Read coverage at each cytosine position in the genome was obtained using the ‘mpileup’ 

function in samtools (v1.9). The C-to-T mismatches on forward reads and G-to-A mismatches 

on reverse reads were regarded as non-converted cytosines, and called using a custom script 
with parameters ‘-minBQ 30 --overhang 6’, where reads were filtered by minimum base quality 

score 30 and removed terminal 6 nt to avoid overestimation of non-conversion. For ribosome 
profiling data, data from individual fraction libraries was combined with their respective 

biological replicate.  
Reads containing more than three unconverted cytosines were considered as conversion 

failure and removed from the bam files (‘3C filter’) (Schumann et al, 2020). An icSHAPE value 

(L. Sun et al., 2021) was calculated for HeLa, HEK293 and HepG2 cells and used to evaluate 

RNA structuredness, with highly-structured regions having a value close to 0. Finally, 
candidate sites with a signal-to-noise ratio < 0.9 (3C/raw; ‘S/N ≥ 0.9’) were dropped to reduce 

false positives. To retain high-confidence non-conversion sites, the following criteria were 

applied: (1). Minimum total read coverage was set as 20 (‘20RC’); (2). non-converted C ≤ 3 
(‘3C’); (3). C + T coverage ≥ 80% (‘80CT’); (4). Non-conversion of ≥ 10% (‘10MM’); (5). For 

replicates integration, we referred to Huang et al., (2019). We select m5C candidates detected 
in at least 2 replicates, and set non-converted C ≥ 5 for sites detected in only one replicate. 
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Candidate m5C sites were annotated to gene locus and transcript types according to the 

GENCODE v38 annotation (UCSC) using ‘intersectBed’ in bedtools and mapped to six 
features simultaneously: 5′UTR, CDS, 3′UTR, ncRNA_exonic, intronic and intergenic. 

 

3.3 Distribution and enrichment of m5C along mRNA 
Only m5C sites on exonic protein-coding transcripts were used for this part analysis. For the 

distribution analysis, mRNAs with m5C sites were divided into three segments (5′UTR, CDS, 
and 3′UTR). Each segment was normalized according to its average length. All C positions 

on the transcripts with m5C candidates were selected as background control. The relative 
position of each candidate site and background C in the corresponding segment were noted. 

We identified the relative position of m5C sites and background C around the start codon and 
stop codon separately to calculate the spatial enrichment for each bin. 

 

3.4 NSUNs dependent m5C sites 
We collected NSUN2 (Huang et al, 2019, and Yang et al, 2017) and NSUN6 depletion datasets 

(Liu et al., 2021a) for NSUN2/6-dependent m5C sites analysis. The analysis method was 
referred to Chen et al, 2019. In details, m5C sites which show reduction in m5C stoichiometry 

> 0.05 and a methylation level reduced to > 0.1 in cells depleted of either NSUN2 or NSUN6  

cells were considered to be catalysed by NSUN2 or NSUN6, respectively.  In particular, for 
NSUN2-dependent m5C we used the union set of Huang et al, 2019, and Yang et al, 2017. 

The five nucleotide sequence downstream of NSUNs-dependent m5C (positions 0 to 5, with 
m5C centred at 0) were used to calculate the position weight matrixes (PWM) of consensus 

motifs. NSUNs-dependence of m5C sites in union set can be further predicted by PWM 
through FIMO (Find Individual Motif Occurrences) in the MEME suite (v 5.4.1). For prediction 

of NSUN5-dependent candidate sites, we used NSUN5-overexpression and epigenetically 
silenced NSUN5 data in LN229 (Janin et al., 2019). Sites were predicted to be NSUN5-

dependent when they showed a non-conversion level > 0.1 and an increase in m5C 
stoichiometry ≥ 0.05 upon NSUN5 overexpression. All the consensus motifs are plotted by 

ggseqlogo. 

 

3.5 Comparison with RBP binding sites 

Binding sites of RNA binding proteins (RBP) reported by Van Nostrand et al., (2020) were 

downloaded from ENCODE. The intersections of two biological replicates with fold-enrichment 
≥ 4 and p ≤ 10-3, were filtered as significant peaks and the middle sites of the peaks were 
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regarded as RBP binding sites. Genes with both RBP binding sites and m5C sites were 

considered for enrichment analysis. Bins were divided around RBP binding sites with the 
number of m5C sites and total C within the bins. Then Fisher’s exact test was applied to 

calculate the enrichment significance. We set up a gradient region as ±20 nt, ±30 nt, ±50 nt, 
and ±70 nt, to test the influence of bin size. Finally, ±50 nt was used for further analysis. The 

relative distance of m5C sites to RBP binding sites was identified as well as the background C 
within the same region to get the distribution of m5C around RBP binding sites. 

 

3.6 Cell culture and transfection 
HeLa cells (human cervical cancer) were obtained from ATTC and confirmed with CellBank 

Australia. Cells were grown in DMEM medium (Gibco™) supplemented with 10% FBS and 
1% antibiotic-antimycotic solution (Sigma) and passaged when 70–100% confluent. 

For knockdown experiments, 150x103 cells were plated in 35mm plates and transfected 6-
12hrs later with the siRNA against the target selected (FlexiTube siRNA UPF-1, Cat. No. 

GS5976; Qiagen) or the negative control (non-silencing siRNA, Cat. No. 1022076; Qiagen) 

with a final concentration 30nM, using 5 μL of Lipofectamine RNAiMAX Reagent (Thermo 
Fisher Scientific) and 300 μL of Opti-MEM (Thermo Fisher Scientific). The medium was 

replaced 12hrs later and cells were harvested 48hrs later. 

 

3.7 Generation of KO cells 
NSUN2 and NSUN5 KO HeLa cell lines were generated using Crispr/Cas9 technology. 

 

3.7.1 Guide sequence design 
 NSUN2 and NSUN5 knockout HeLa cell lines were achieved using CRISPR-Cas9 
technologies, via non-homologous end joining (NHEJ) mechanism, by generating large 

deletions at their genomic locations. Two crRNAs were designed for each gene, targeting the 
5’- and 3’- regions. Briefly, crRNAs were designed by inputting target sequences from 

EnsemblASIA into CCTop (Stemmer et al., 2015) to check for efficacy and predict potential off-
target cleavage effects. Sequences with high predicted efficacy, and minimal off-target effects 

were selected as crRNAs and ordered as Alt-R® CRISPR-Cas9 crRNA from Integrated DNA 
Technologies (IDT); sequences can be found in Table 3.  
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Gene Exon Sequence 

NSUN2 Exon 2 AGGCUACCCCGAGAUCGUCA 

NSUN2 Exon 19 AAUGAGAGUGCAGCCAGCAC 

NSUN5 Exon 2 GAUGCUGUGAUCGCCAGCGC 

NSUN5 Exon 10 CCGGGCUGACUCCUUCCUGG 

 

Table 3 - crRNA sequences used for large gene knockouts for NSUN2 and NSUN5. 

 

3.7.2 Ribonuclear protein preparation 
2.5 µM of NSUN2 exon2 crRNA was combined with equimolar amounts of NSUN2 exon 19 

crRNA. These crRNA were then ligated to 5 µM Alt-R® CRISPR-Cas9 tracrRNA, ATTO™ 550 
(IDT) in 10 µL of IDT Duplex Buffer. The same method was used for NSUN5 gene knockout. 

Each ribonuclear protein (RNP) reaction consisted of 0.575 µM of annealed crRNA:tracrRNA 
complexed with 30.5 pmol of IDT Alt-R® S.p. Cas9 Nuclease V3, in 2.2 µL Invitrogen Neon™ 

Transfection System ‘R’ resuspension buffer. The crRNA:tracrRNA and Cas9 were complexed 

for at 37°C for 5 mins, and kept at room temperature hereafter. 

 

3.7.3 Transfection 
Electroporation was conducted using Invitrogen Neon™ Transfection System and following 
the manufacturer’s protocol, with the following modifications: HeLa cells were resuspended in 

Invitrogen Neon™ Transfection System ‘R’ resuspension buffer to a concentration of 
2.8x107/ml.For each electroporation reaction, 2x105 cells prepared above were incubated with 

1xRNP at 37°C for 5 mins, before being electroporated at 1005volts, 35milliseconds with 2 
pulses. Two reactions were seeded per well of a 24-well plate. Cells were recovered in 

complete medium at 37°C with 5% CO2 for 24 - 36 hours. 

 

3.7.4 Single cell sorting 
Cells were sorted for singlets and ATTOTM550 positivity on a BD FACSAria™ II Cell Sorter by 
the Flow Cytometry Facility at the John Curtin School of Medical Research, the Australian 

National University. Although all singlets were positive when compared with negative controls, 
only cells with high intensity ATTOTM550 (>1033) were sorted into 96-well plates for culture. 

Representative FACS plots are indicated in Figure 3. Cells were maintained in complete 

media and expanded to 6-well plates for genomic DNA (gDNA) extraction when they reached 
70% confluency in smaller culture vessels. 
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Figure 3 – Single cell sorting 
Representative FACS plots for single cell sorting showing (A) negative control, no 

electroporation, (B) negative control with electroporation, no RNP, and (C) ATTOTM550 
against FITC to determine auto-fluorescent cells; singe cells were selected based on 

ATTOTM550 positivity above threshold of 1033. 

 

3.7.5 Sequencing 
The gDNA was extracted by incubating cell pellets with 30 µL of in-house rapid lysis buffer 
(40 µg Proteinase K in Tris 10 mM, EDTA 1mM, 0.1% Tween-20, pH8.0) at 56°C for 1 hr 

followed by denaturation at 95°C for 10 mins. Amplification of NSUN2 and NSUN5 genes was 

conducted with standard protocols of 35 cycles in a Mastercycler® Nexus (Eppendorf) using 
Q5® High-Fidelity DNA Polymerase (New England BioLabs), 5 µL of extracted gDNA in a 

PCR reaction and primer pairs listed in Table 4. Amplicons were purified with ExoSAP-IT 
(Applied BiosystemsTM) and sequenced on an AB 3730xl DNA Analyzer, by the ACRF 

Biomolecular Resource Facility (The John Curtin School of Medical Research, Australian 

A

B

C
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National University) following the manufacturer's protocol (Applied Biosystems 2002). 

Sequencing data was analysed manually using SnapGene software (from Insightful Science; 
available at snapgene.com). Large genomic deletions were detected using primer pairs 

NSUN2-F1/NSUN2-R2 and NSUN5-F1/NSUN5-R2. Sequences for the clones used in this 
paper are in Figure 4. 

 

Gene Primer Name Sequence 

 

NSUN2 

NSUN2-F1 5’- TTCGCTGTTTTCCCTGTCAC -3’ 

NSUN2-R1 5’- CGCCTTTAACCTCCAGCATC -3’ 

NSUN2-F2 5’- GGAAACTTGAGGTGAGCTGC -3’ 

NSUN2-R2 5’- GGCTCCTATGATCCCACCAG -3’ 

 
NSUN5 

NSUN5-F1 5’- GTTTTGCCACAGAGCCGTAA -3’ 

NSUN5-R1 5’- ACTTCCTTACAGTCTCCGCC -3’ 

NSUN5-F2 5’- GGAGAATGAAGACGTGGTGC -3’ 

NSUN5-R2 5’- TAGGATTGGAGGGTCTGGGT -3’ 

 

Table 4 - Primer pairs used to amplify and sequence genomic deletions in NSUN2-/- 

and NSUN5-/-. 
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Figure 4 – Large deletion in NSUN2 and NSUN5 KO cell lines 
Chromatograms for (A) NSUN5-/- showing homology repair site with deletion of 5089 bp, 

demarcated by the blue line, and (B) NSUN2-/-homology repair site with deletion of 32,670 bp 

demarcated by the red line. 
 

3.8 Protein Analysis 
Cells were harvested with 200-500 μL of Protein Extraction Buffer (50 mM Tris pH7.5, 5 mM 
EDTA, 150 mM NaCl, 21.5 mM MgCl2, 10% glycerol, 1% Triton, 1X PIC [cOmplete™, EDTA-

free Protease Inhibitor Cocktail, Sigma]) and incubated 10min on ice, then incubated on a 
rotator for 30min at 4°C and centrifuged at 13000xrpm for 10min at 4°C. 

The supernatant was transferred to a clean tube, used or stored at −80°C. Total protein 
concentration was measured through the Qubit™ Protein Assay Kit (Thermo Fisher Scientific) 

following manufacturer’s instructions. 30 μg of proteins were loaded on NuPage™ 4–12% Bis-
Tris Protein Gels (Invitrogen) followed by transfer onto nitrocellulose or PVDF (for IR-Dye 

detection) membrane. The membrane was blocked in Odyssey Blocking Buffer (for IR-Dye 
detection; LI-COR 927-40000) and probed with primary antibodies: (anti-NSUN2 (1:1000; 

Proteintech 20854-1-AP), anti-NSUN5 (1:1000; Proteintech 15449-1-AP), anti-UPF1 (1:1000; 

Abcam ab86057), anti-ACTB (1:1000; SantaCruz sc-4778 AF790). The membranes were 
probed with a secondary antibody, either anti-mouse-IR-Dye800 (1:10,000; LI-COR 926-

32210) or anti-rabbit-IR-Dye680 (1:10,000; LI-COR 925-68071), and scanned using the 
Odyssey® CLx Imaging System (LI-COR). 

 

…TGGATGCTGTGATCGCCAGC-(5089bp)-TGGTGGGAAAGGAAGATGCC…

…GGGCTGGGAAGGAGGCTACC-(32,670bp)-CCGAGATCGCACCGGACAGC…

A

B
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3.9 RNA Analysis 
Extraction of total RNA was performed using the Direct-zol RNA Miniprep (Zymo Research) 
kit according to the manufacturer’s instructions. Reverse transcription reactions were 

performed with PrimeScript RT Master Mix (Takara Bio) on 0.5-1 μg of total RNA in a 10 μL 
reaction. RT-qPCR analyses were performed with 15-20 ng equivalent of cDNA, 5 μL of 2X 

SYBR Mastermix (QIAGEN), 1 μL of 5 μM primers and water to a final volume of 10 μl. DNA 
amplification (followed by melting curve analysis) was monitored with a QuantStudio 12k Flex 

Realtime PCR instrument. Primers’ sequence used for RT-qPCR are listed in Table 5.  
Relative RNA quantity was calculated as the fold change (ΔΔCt) with respect to the 

experimental control sample set as 1 and normalised over ACTB. The ratio of each sample 
versus its experimental control was tested by two-tailed Student’s t-test. One asterisk indicates 

a p-value < 0.05, two asterisks indicate a p-value < 0.01, and three asterisks a p-value < 0.001. 

 

Gene Primer Sequence 

FADS2 
FW CAACAAGGTGATCGAAGGCC 
RV ACACCAGCTCCACCTCAAAC 

FKBP10  
FW CAACAAGGTGATCGAAGGCC 
RV ACACCAGCTCCACCTCAAAC 

NIBAN2 
FW AATACGACTACGACAGCAG 
RV GTCCTCGAAGATCAGCTC 

OSMR 
FW TTCATATCCTACTGCCCATGG 
RV TTATTAATGACAGGATGCTGCTC 

PEA15 
FW ACATCCCCAGCGAAAAGAG 
RV ACCATAGTGAGTAGGTCAGGAC 

DNAL4  
FW TGGAGCTATGTGTCACAGC 
RV TCTCAAACCCAAAGCCCTC 

ITM2B 
FW ACATCAAGGCTGGAACCTATTTG 
RV TGCGAAACAATTGCTGGCTT 

ACTB 
FW CTGGAACGGTGAAGGTGACA 
RV AAGGGACTTCCTGTAACAATGCA 

SPIKE-IN 
FW CGGCAAAAGCACTCTGATTGAC 
RV CCTTGTCGTATCCCTGGAAGATG 

 

Table 5 - Primers used for RT-qPCR 
 

3.10 Bisulfite conversion and amplicon-bsRNA sequencing 
RNA extracted from three biological replicates of WT and NSUN5 KO HeLa cells was treated 

with bisulfite conversion as described in Sibbritt et al., (2022). Bisulfite-converted samples 
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were then reverse-transcribed using SuperScript™ IV Reverse Transcriptase (Invitrogen) with 

random hexamers and subjected to amplicon-specific PCR amplification. PCR conditions 
were optimised for each primer set and carried out in technical triplicates (bs-converted primer 

sequences are shown in Table 6, below). The obtained products were analysed by 2% 
agarose gel electrophoresis, purified using the MinElute® PCR Purification Kit (Qiagen) and 

the technical replicates combined. PCR products from the same RNA sample were pooled 
and subjected to library preparation using the TruSeq® DNA Nano Library Kit (Illumina) 

according to the manufacturer’s instructions. Libraries were mixed with 40% PhiX Control 
Library (Illumina) and sequenced on the MiSeq System (Illumina), acquiring 151 bp read 

length. 

 

 

 
Gene Primer Sequence 

ALG8 
FW TTTTTTTTTTGTATGGTTTGAG 
RV AATGGTTAAAGTAAAATAATTC 

NUP133 
FW GTATTTAGTAGATAATTTATGTT 
RV TTAAATAACTTCTACAATAACTA 

PPP2R5D 
FW ATAAATTGAAAAAGGAGAAGGAG 
RV TTCTTCACCTCCACCATCCT 

PAAF 
FW TTTAGTAAGATTTAGATTATG 
RV CATCTCAACAACATATATAA 

CRY 
FW ATATATTTATGATTTTTGGAATG 
RV TTCAAACAACTTACCTCAA 

CORO1C 
FW AATTAAATGAAGATAAGATATTA 
RV ATACAATCATCAAAATAACCA 

AJUBA 
FW GTTGTTGTTGTTTTTTTTTGG 
RV CTACAAAATAACAACAACAAC 

PIK3R3 
FW GTTATTTGTGTGGTTTGATAG 
RV CTATACCATTTCCACAAACT 

28S rRNA (C:3782) 
FW GTGATTTTTGTTTAGTGTTTTGAATGTT 
RV TTCATCCATTCATACACATCAC 

tRNAThr 
FW GTTTTATAGTTTAGGGGTTA 
RV CCCCAACAAAAATTAAACTC 

tRNAGly 
FW GTATGGGTGGTTTAGTGGTA 
RV CATAAACCAAAAATCAAACCC 

 

Table 6 - Primers used for amplicon-bsRNA sequencing. 
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3.11 miSeq analysis 
The target RNA regions of all amplicons were combined into a single reference and the 
forward strand C-to-T converted. Reads from ‘in-depth’ sequencing were subjected to FastQC 

(v0.11.5); adapter removal and low-quality base trimming was performed using cutadapt 
(v1.18) with options (-q 20,20 -m 50 --trim-n -a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -A 
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT). Clean reads were aligned to the 

reference using the MeRanT tool in meRanTK in both directions, as sequencing was not 
strand-specific, and the resulting bam files merged. Non-conversion level was determined for 

each C position within the amplicons. 
 

3.12 UPF1 knockdown RNA-seq and differential expression analyses 
The raw reads were subjected to FastQC (v0.11.9). Low-quality bases and adaptor sequences 
were removed using Trimmomatic (v0.38) with options 

(ILLUMINCLIP:Adapter.fa:2:30:10:8:true LEADING:3 TRAILING:3 SLIDINGWINDOW: 4:20 

MINLEN:50). Clean reads were mapped to 4S rRNA using bowtie2 (v2.3.5) with parameters 
(‘-q --sensitive --reorder --no-unal --un-conc-gz’). Unmapped reads were mapped to hg38 

genome using HISAT2 (v2.1.0) with parameters (‘--no-softclip --score-min L,-16,0 --mp 7,7 --
rfg 0,7 --rdg 0,7 --max-seeds 20 -k5 --dta’). The mapped reads were processed to 

featureCounts (v2.0.1) for feature counting.  
To quantify RNA, fragment abundance in genes with ≥50 mapped reads were selected and 

normalized using the size factors estimated by the median of all genes implemented in the 
DESeq2 (v1.30.1) Bioconductor package. Differential expression analysis was performed by 

DESeq2. Genes with log2(fold change) ≥ 1.2 and adjusted p-value ≤ 0.05 were regarded as 
differentially expressed genes. 

 

3.14 Cross‐linking immunoprecipitation 
1 million HeLa cells were washed twice with 1X PBS and irradiated once at 150 mJ·cm−2 at 

254 nm using the Stratalinker® UV crosslinker. Cells were then scraped in CLIP Lysis Buffer 

[50 mM Tris‐HCl, pH 7.4, 100 mM NaCl, 1% Igepal CA‐630, 0.1% SDS, 0.5% sodium 
deoxycholate, 1X PIC (cOmplete™, EDTA-free Protease Inhibitor Cocktail, Sigma), and 

RNasin® Plus Ribonuclease Inhibitor (Promega)], incubated on ice for 5 min and passed 
through a 21G needle. Lysates were treated with 3 μL of TURBO™ DNase (Thermo Fisher 

Scientific) for 3 min at 37 °C while shaking at 1,100 rpm. Samples were then centrifuged for 
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10 min at 17,000 g at 4 °C to clear the lysate. The supernatant was collected and quantified 

using Qubit™ Protein Assay Kit (Thermo Fisher Scientific) following manufacturer’s 
instructions. 

50 μL of Dynabeads™ Protein G (Thermo Fisher Scientific) were previously washed twice in 
CLIP Lysis Buffer and then resuspended in the same buffer with 9 μg of anti‐UPF1 goat 

polyclonal antibody (Cat. No. A300-038A), or 9 μg of Abcam mouse IgG2a Isotype Control 
antibody (Cat. No. ab18413) in a final volume of 100 μL and incubated in rotation at room 

temperature for 1 hr for antibody conjugation. The conjugated beads were then incubated 
overnight on a rotator at 4°C with 500 μg of lysate. 50 μg of lysates was also rotated to be 

used as inputs. The next day beads were washed four times in High-Salt Buffer (50 mM Tris‐
HCl, pH 7.4, 1 M NaCl, 1 mM EDTA, 1% Igepal CA‐630, 0.1% SDS, 0.5% sodium 

deoxycholate) and twice in PK buffer (100 mM Tris‐HCl pH 7.4, 50 mM NaCl, 10 mM EDTA). 

Beads were resuspended in 50 μL of PK buffer, of which 10 μL were used for Western Blotting 
analysis and 40 μL were digested with Proteinase K Solution (Thermo Fisher Scientific, Cat. 

No. 25530049) in shaking at 1,100 rpm for 30 min at 37 °C to RNA. RNA was purified by 
phenol/chloroform extraction and precipitated for further analysis. 
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4. Results 
 
Note: Part of the findings described in this thesis have also been published in (Guarnacci et 
al., 2024). Bioinformatic analyses in this thesis were performed by Pei-Hong Zhang. 
 
4.1 Generation of a union list of m5C sites in human transcriptomes 
 
The speed at which epitranscriptomic research progresses is often determined by the 

availability of methods available for a modification detection and quantification. This is 
particularly true for m5C. Despite early evidence of m5C in mammalian mRNA surfaces in the 

1970’s (Dubin & Taylor, 1975), further research in this field remained dormant during the 
subsequent decades. However, a turning point in the field was coupling bisulfite conversion 

of RNA (Schaefer et al., 2009) with high-throughput sequencing about ten years ago (Squires 
et al., 2012). The establishment of this new method for m5C detection and quantification 

marked the beginning of the rediscovery of this modification and paved the way towards a 

decade of fruitful research. Initially, ~10,000 m5C sites were reported for both human coding 
and non-coding genes (Squires et al., 2012), followed by subsequent studies that reported a 

similar number of sites (Amort et al., 2017; X. Yang et al., 2017a). As research exploration of 
m5C progressed, it became apparent that these numbers for individual cell types were likely 

overestimates. This inconsistency could be due to an incomplete bisulfite conversion on highly 
structured parts of RNA (Huang et al, 2019; Schumann et al, 2020). More recently, thanks to 

a more refined and sophisticated pipeline for m5C identification, site calling and more stringent 
set of filters to avoid false positives, it was possible to confirm the existence of < 1,000 sites 

per cell type, the majority of which had a stoichiometry lower than 20% (Huang et al, 2019; 
Schumann et al, 2020). 

Presently, bsRNA-seq experiments have been carried out in different human cell types and 

tissues (Table 7). This generation of m5C sites lists, although prolific, led to the publication of 
datasets that are often different from each other, in terms of both number of m5C sites and 

their stoichiometry. Different factors should be considered to elucidate this disparity, such as 
(a) the possibility for differential methylation patterns in different cell types, (b) the variation in 

the expression levels of the writer enzymes (NSUN proteins), and (c) technical differences in 
data analysis pipelines.  

One of the first aims of this thesis work was work towards enhancing coherence, we embarked 
on re-examining and re-analyse publicly available datasets with a stringent and unified 

pipeline for m5C site calling and filtering. This yielded a union set of high confidence m5C sites.  
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Upon perusing the literature around the biology of m5C modification on RNA, several 

publications were identified in which the abundance and localisation of m5C was assessed 
transcriptome wide (Table 7). We were particularly interested in bisulfite-converted RNA 

sequencing (bsRNA-Seq) data generated from human cells.  
BsRNA-Seq datasets from 7 human tissues (brain, liver, lung, heart, spleen and kidney) and 

5 human cell lines (LN229, HepG2, HeLa, HEK293 and T24) were collected form 6 published 
studies (Chen et al, 2019b; Huang et al, 2019; Janin et al, 2019; Liu et al, 2021; Schumann et 

al, 2020; Yang et al, 2017) and selected for re-analysis. These datasets are typically replicated 
and include several conditions in which one or more NSUN protein was altered, either via 

knockdown or knockout (NSUN2 and NSUN6) or via epigenetic silencing and subsequent 
overexpression (NSUN5). These conditions, in conjunction with WT or untreated samples, 

allowed us to confirm and gain further knowledge around the enzymology of specific 

methyltransferase enzymes. 
 

 
 

Table 7 – Collection of human bsRNA sequencing datasets used in this thesis. 
 

4.1.1 Stringent and uniform re-analysis of bsRNA-Seq data 
The strategy we decided to adopt for the generation of our union set of human m5C sites was 

to re-analyse each independent sample individually, from reads quality control to m5C calling 
and filtering, using the same stringent pipeline and only at the end pull together all the high-

confidence sites into one union list. 

Sample # of replicates Studies
Heart 2*
Liver 2*
Lung 2*

Muscle 2*
Spleen 2*
Testis 2*

Frontal Cortex 2*
4 (2x WT*, 2x NSUN2 KD) Yang et al., 2017

4 (2x WT*, 2x NSUN2 KO, 2x NSUN6 KO) Huang et al ., 2019
12* (ribosome profiling fractions) Schumann et al ., 2020

1* Huang et al.,  2019
4 (2x WT*, 2x NSUN6 KO) Liu et al. , 2021

LN299 6 (3x epigenetically silenced NSUN5* and 3x NSUN5 overexpression) Janin et al.,  2019
T24 1* Chen et al.,  2019

HepG2 2* Liu et al., 2021

HeLa

HEK293T

Huang et al., 2019

Human Bisulfite RNA-sequencing data used in the study 
* Samples used for the generation of the union list
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The pipeline used for this analysis is based on Schumann et al., (2020), with minor 

modifications (described in details in the method section 3.2). Briefly, after data pre-processing 
and mapping to the C-to-T and G-to-A converted genome (plus spike-in sequences as 

appropriate), non-conversion sites were called as variations by a custom script, e.g., T-to-C in 
read2 and A-to-G in read1 (Fig. 5A). Read distribution and overall cytosine conversion rate 

were checked to assess quality of the 50 datasets. For seven of the primary tissue samples, 
one of the two replicates was excluded as metagene analysis showed strongly biased 

coverage towards mRNA 3’ ends suggesting excessive degradation (Fig. 5B). The remaining 
43 datasets each showed high cytosine conversion rates, e.g., ≥99.7% conversion rate for all 

annotated genes, ≥99.8% for protein coding genes and RNA spike-ins (depending on sample, 
ERCC, dhfr or R-Luc, Fig. 6, top panel) all consistent with the original reports, e.g. Schumann 

et al., (2020).  

 
A set of filters where then applied to identify high confidence m5C candidate sites: reads with 

more than 3 non-converted cytosines were discarded via a custom script to remove clustered 
non-conversion likely caused by RNA secondary structure (3C filter) (Fig 6, bottom panel). 

Furthermore, we also excluded non-converted cytosine positions for which less than 90% of 
reads passed the 3C filter (S/N90 filter). We then retained ‘C’ positions with ≥ 20 reads 

coverage (20RC filter), at ≥ 3 reads supporting the non-conversion, and with a non-conversion 
ratio ≥ 10% (10MM). Sites that passed all filters in at least 2 biological replicates were called 

as high confidence m5C sites. Sites passing the filtering steps in only one of the replicates had 
to satisfy a higher threshold of ≥ 5 reads supporting non-conversion.  
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Figure 5 - (A) Schematic summary of the strategy used for the generation of union set of 

human m5C sites: selection of publicly available bsRNA-Seq data and high confidence m5C 
sites calling with stringent unified pipeline. (B) Metagene distribution of read coverage of 

bisulfite-treated RNA samples. Seven samples (in red) showed a strong bias in read coverage 
and were therefore excluded from further analyses.  
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Figure 6 - the global conversion ratio of these datasets (top); icSHAPE value of genome sites 

that passed “3C filter” and failed “3C filter (bottom). 
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4.1.2 A union set of 6,393 human m5C sites 
After merging called sites from all datasets of non-manipulated NSUN gene expression, a 

collective compilation union set of 6,393 m5C sites was obtained. Upon examining the overlaps 
among these collective sites across distinct samples, we observed a modest level of overlap, 

in line with our expectations. (Fig. 7A). There are several plausible reasons as to why that is 
the case for starters, the samples used for compiling the union list are diverse. This diversity 

leads to variation in the expression levels of m5C methyltransferase enzymes like NSUN2 and 
NSUN6 that target mRNA. This diversity is substantially pronounced across different tissues 

and cell lines (Fig. 7B). Read coverage also varies strongly between datasets for many sites 
(Fig. 7C), likely due to biological and technical reasons such as differences in gene expression 

profile between samples and depth of library sequencing. Moreover, as most called sites show 

a non-conversion rate just above the, although commonly used, empirically chosen ≥10% cut-
off, there is a considerable random fluctuation as to whether a site is called as ‘present’ or 

‘absent’ in a given sample. Therefore, when comparing any two samples, the majority m5C 
sites that are not shared, either did not meet the ≥ 20 read coverage threshold or exhibited 

stoichiometry below threshold (e.g., between 1%-10%) in one of the two samples (Fig. 7D 
and 7E).  
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Figure 7 – (A) Percentage of the 6,393 m5C sites that are in common between 2 or more 

datasets re-analysed for the generation of the union set. The x-axis refers to the minimum 
methylation level of a given candidate site to be called as methylated.  (B) Expression level of 

NSUN2, NSUN5 and NSUN6 in multiple tissues/cell lines. (C) Overlaps of sites covered by 

more than 20 reads. (D) The expression levels and methylation rates of m5Cs identified as 
unique to HEK293 (Liu et al, 2021) or HeLa (Huang et al, 2019). (E) Paired-comparison shows 

the expression level and methylation level of m5Cs in each sample (in row) when they are 
calculated in another sample (in column), the tissue/cell specific m5Cs are classified into 3 

groups: Low read coverage (RC) in another sample, indicate differential expression gene; 
Sub-stoichiometric, which means the non-conversion level of putative m5C in bsRNA-seq is 

lower than 10% but higher than 1%, and pass binomial test (p<0.05); Non-methylated, 
represent sites have lower than 1% non-conversion level or couldn’t pass binomial test. Pie 

charts in the red box show a higher non-methylation ratio. 
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4.1.3 m5C distribution in the transcriptome 
 
When looking at the distribution of the union sites across the human transcriptome, we found 
that a large majority of m5C sites are deposited on protein coding genes, in both coding 

sequence as well as untranslated regions (Fig. 8A). Moreover, these sites appear to be 
distributed nonrandomly along mature mRNAs. In particular, we found a marked peak of 

methylation surrounding the start codon (Fig. 8B) This is a pattern that was repeatedly found 
by others in single source material in published work, such as (Chen et al, 2019b; Huang et 

al, 2019; Schumann et al, 2020; Yang et al, 2017). This phenomenon was also confirmed 
when investigating methylation hotspots in individual samples (Fig. 8C), which allows us to 

support the previously established link between m5C content of mRNA and translation 
regulation. 

Overall, we have established utility of our union set as a larger yet still prototypical list of 

human transcriptomic sites across multiple cell types for further exploration of m5C 
enzymology and function. 
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Figure 8 - (A) Distribution of m5C sites across the transcriptome (B) Distribution of m5C sites 

along mRNA. mRNA regions were scaled on the mean of their length. m5C distribution is 

shown in blue, background cytosine distribution in grey. (C) Metagene enrichment around start 
codon and stop codon of m5C in multiple datasets. 
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4.2 The spectrum of mRNA m5C writer enzymes 
 
Several proteins are known to have m5C methyltransferase activity on RNA, particularly 
NSUN2 and NSUN6 are both known to target mRNA in addition to their canonical tRNA 

substrate (Liu et al, 2021; Schumann et al, 2020; Yang et al, 2017; Huang et al, 2019). 
Therefore, we decided to extend our analysis to several of those bsRNA-Seq dataset in which 

one or more NSUN enzyme was altered. 

 

4.2.1 NSUN2- and NSUN6-dependent m5C sites 
The pool of datasets we collected for our analysis includes samples form (a) cell lines depleted 
for NSUN2, such as NSUN2 knockdown (KD) and knockout (KO) HeLA cells form (Huang et 

al, 2019; Yang et al, 2017), and (b) NSUN6 knockout (KO) HEK293T cells from (Liu et al, 
2021). 

 

In order to assess the extent of these two enzymes in the deposition of m5C on human mRNA, 
we first decided to compare the methylation level of mRNA in the aforementioned (a and b) 

NSUN2 and NSUN6 KD/KO samples to the corresponding controls within the same cell line. 
Using this approach, we classed 1,368 NSUN2-depnedent and 275 NSUN6-dependent m5C 

sites, based on experimental evidence (Fig. 9A). Both sets show typical sequence and 
secondary structural features known to be associated with their respective NSUN enzyme (Liu 

et al, 2021). NSUN2-dependent m5C sites are of “type I”, characterized by a downstream G-
rich triplet at the 5’ end of a hairpin, also found in other tRNA sites methylated by NSUN2 (Fig. 

9B, 9C – top). NSUN6-dependent m5C sites are instead of “type II”, located in the loop of a 
hairpin followed by a downstream “UCCA” motif as found at the 3’ end of tRNAs (Fig. 9B, 9C 

– middle). The remaining sites (44) that could not be attributed to either NSUN2 or NSUN6 

showed no strong discernible commonalities (Fig. 9B, 9C – bottom).  
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Figure 9 - (A) Composition of NSUNs-dependent m5C sites from experimentally validated 

data. (B) and (C) Consensus motifs and base-pairing propensity meta-profile of regions 

surrounding different NSUNs-dependent m5C sites, separately (NSUN2 in pink, NSUN6 in 
turquoise, non-methylated C in grey). 
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cells. Using the sequence characteristics at position 0 to 5, downstream of these 

experimentally identified NSUN2 and NSUN6 targets, we calculated the position weight matrix 

(PWM) of their consensus motifs, which allowed us to predict the enzymes responsible for the 
deposition of m5C sites in our union set (see method in 3.4). Such an approach revealed that 

in the wider human transcriptome around two-thirds of m5C sites are likely deposited by 
NSUN2 (4,281), while one-sixth are predicted to be deposited by NSUN6 (1,037) (Fig. 10A). 
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Figure 10 - (A) Composition of NSUNs-dependent m5C sites from union set. (B) and (C) 

Consensus motifs and base-pairing propensity meta-profile of regions surrounding different 

NSUNs-dependent m5C sites from our union set, separately. (NSUN2 in pink, NSUN6 in 
turquoise, non-methylated C in grey). 
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Using our custom pipeline, we observed a disparity in the count of m5C sites under two distinct 

conditions. Within the control sample we identified 446 mRNA sites in the and upon the 
overexpression (OE) of NSUN5 3,921 sites identified (Fig. 11A). On investigating the 

sequence motifs that were enriched in the different conditions, we found an interesting 
variation (Fig. 11B). In the control condition the downstream G-rich triplet typical of NSUN2-

mediated sites were found to be the most abundant, and the sites were mainly enriched 
around the start codon (Fig. 11B, left panel). Conversely, In NSUN5 OE condition, we found 

a GUXGCm5CAXXU motif to be enriched, with a different distribution pattern along mRNA, 
that was more scattered throughout the coding sequence (Fig. 11B, right panel). 

This specific sequence motif we found in NUSN5 OE samples clearly resembles the sequence 
surrounding the m5C site found on human 28S rRNA (C:3782) mediated by NSUN5 (Fig. 11C), 

also conserved in other species such as M. musculus and S. cerevisae (Heissenberger et al., 

2019). 
 

 
 

Figure 11 - (A) Number of m5C found on mRNA in epigenetically silenced NSUN5 (Control) 

and NSUN5 overexpression (OE) LN229 cells. (B) Consensus motif surrounding m5C sites in 
epigenetically silenced NSUN5 (Control) and NSUN5 OE LN229 cells (top) and their 

metagene distribution over mRNA (bottom). (C) Alignment of rRNA sequence carrying an m5C 

modification (in blue) across three different species. 
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This publicly available dataset we used is missing a WT or untreated sample, therefore it is 

impossible to make a direct comparison with the samples with unaltered NSUN5 expression 
level (and methyltransferase activity). This complicates the direct attribution of these m5C sites 

solely to NSUN5. However, we made additional considerations as outlined below. 
When we clustered these sites depending on their sequence motif, we could see how those 

sites that can be clearly attributed to either NSUN2 or NSUN6 did not vary between control 
and NSUN5 OE conditions. On the other end, sites that had a strong increase of methylation 

upon NSUN5 OE were observed to have an enriched sequence motif very similar to the 
NSUN5-dependent C:3782, despite no difference in read coverage (Fig. 12A). In addition, 

these same sites were found to have a specific pattern of secondary structure prediction (Fig. 
12B), which resembles the immediate structural context surrounding NSUN5-dependent 

C:3782 in 28S rRNA (Fig. 12C). 
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Figure 12 - (A) Metagene distribution of m5C in epigenetically silenced NSUN5 (Control) and 

NSUN5-OE LN229 cell line. (B) Base-pairing propensity meta-profile of regions surrounding 

putative NSUN5-dependent m5C sites. (C) Schematic representation of the structure of human 

28S rRNA juxtaposed with the secondary structure prediction of putative NSUN5-dependent 
m5C sites. Paired ratio values indicate the propensity to form base pairing, with values close 

to 1 being highly structured. 
 

 

4.2.3 Prediction and validation of NSUN5-dependent physiological mRNA sites  

 
While it remains challenging to confidently attribute these ~1,000 unassigned m5C sites to 
NSUN5, we managed to utilise what we know about the enzymology of different NSUN 

enzymes to make a prediction about NSUN5 methylation of mRNA.  
We decided to start with the total number of m5C sites detected upon NSUN5 OE and discard 

those sites we know are deposited by either NSUN2 or NSUN5 using experimental data 
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(NSUN2 KO from Yang et al., (2017) and epigenetically silenced NSUN5 from Janin et al., 

(2019)), which left us with 29 sites (Fig. 13A). We noticed that of these 29 sites, 21 showed 
the CUCCA sequence motif characteristic of NSUN6-dependent sites and were therefore 

discarded (Fig. 13A). We were then left with 8 candidate mRNA sites which we predict could 
be methylated by NSUN5. During our examination of the sequence context surrounding these 

m5C sites, an important observation emerged: all of them exhibited a sequence motif 
remarkably akin to both the NSUN5-dependent C:3782 motif in 28S rRNA (as illustrated in 

Fig. 13B) as well as the sequence motif that experienced enrichment upon NSUN5 OE, 
highlighted in Figure 11B. This finding provides additional support for the notion of NSUN5's 

involvement in the methylation of these mRNAs. 
In order to experimentally confirm our predictions, we decided to perform an amplicon-based 

validation of these 8 candidate sites using bisulfite conversion technique. The first step was 

to generate a NSUN5 KO cell line starting from our WT cells, to directly compare the 
methylation levels of these mRNAs with and without NSUN5 protein (for details, see materials 

and methods section, 3.7). We therefore used CRISPR/Cas9 technology to delete a big 
portion of NSUN5 gene and generate a viable KO cell line (Fig. 13C). 

We then collected biologically replicated RNA samples from both WT and NSUN5 KO HeLa 
cells and treated them with bisulfite. Then, following the protocol established in our lab and 

explained in Sibbritt et al., (2022), we produced short amplicons of approximately 100 
nucleotides surrounding each of our candidate sites and sequenced them on the Illumina 

miSeq platform. Preliminary analyses showed promising results. When comparing the non-
conversion levels of NSUN5-dependent C:3782 in 28S rRNA, used as positive control, we find 

that its methylation level disappears upon NSUN5 KO when comparing to WT condition (Fig. 

13D, top). This further confirms the successful deletion of NSUN5 gene as well as the effective 
conversion obtained with bisulfite treatment. Similarly, when looking at one of the candidate 

sites in PIK3R3 gene, we find that the methylation level remains constant at around 20% in 
WT condition across the three biological replicates and drops down to nearly 0 upon NSUN5 

KO in two out of three replicates (Fig.3, bottom). It is worth noticing how the third NSUN5 KO 
replicate (N5_KO_C), whilst being an outlier also shows abnormal non-conversion in the 

positions surrounding the m5C of interest. This is likely due to an incomplete conversion at the 
bisulfite treatment step of the experiment, a technical issue that will be addressed during the 

preparation of the next set of libraries. Our results, although preliminary and only restricted to 

one candidate mRNA, are supportive of the role of NSUN5 in methylating mRNA.   
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Figure 13 - (A) Strategy used to predict NSUN5-mediated candidate sites on mRNA. (B) 8 

predicted NSUN5-metylated genes. (C) Representative replicate of Western blot showing the 
NSUN5 protein in WT and NSUN5 KO HeLa cells. BACT was used as a loading control. (D) 

Validation and NSUN2-dependence of candidate m5C sites. Grids showing cytosine position 
along the analysed transcript section, with each square coloured by observed cytosine non-

conversion (white-to-red colour scale). Genomic coordinates of the m5C sites are shown on 
the figure. 
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4.3 Multiple RBPs are enriched around m5C 
 
One way RNA methylation is known to exert its function in regulating RNA metabolism is 
through the interaction with RNA-binding protein. For instance, m6A-decorated mRNAs are 

specifically recognised and bound by reader proteins containing a YTH (YT521B homology) 
domain, among which two sub-families can be identified: YTHDF (1, 2, 3) and YTHDC (1, 2) 

(Meyer & Jaffrey, 2017). Different reader protein can bind m6A modifications at different 

positions, and regulate a different aspect of these RNA molecules, including splicing (Di 

Timoteo et al., 2020), translation (X. Wang et al., 2015), stability (Kennedy et al., 2017), 

and degradation (Du et al., 2016). 
In a similar fashion, two different m5C reader proteins were identified to be regulating mRNA 

metabolism. The Aly/REF export factor (ALYREF) was shown to bind m5C-containing mRNAs 

and selectively promote their export from the nucleus (X. Yang et al., 2017a), with 

recognised roles in controlling cell migration (X. Xu et al., 2020)  and adipogenesis (Liu et 

al, 2021b). The Y-box binding protein 1 (YBX1) preferentially binds m5C-decorated mRNAs 

through its cold shock domain (X. Chen et al., 2019; X. Yang et al., 2017a). In human 

urothelial carcinoma of the bladder, YBX1 recruits the ELAV-like 1 (ELAVL1) RNA-binding 

protein to increase the stability of the mRNA for the oncogene heparin-binding growth factor 

(HDGF), thereby promoting pathogenesis of bladder cancer (X. Chen et al., 2019). In early 

zebrafish embryos, YBX1 regulates the maternal-to-zygotic transition by promoting the 

stability of m5C-containing maternal mRNAs through recruitment of the poly(A) binding protein 

cytoplasmic 1a (PABC1a) (Y. Yang et al., 2019). This resonates with intricate waves of 

maternal mRNA methylation mediated by NSUN2 and NSUN6, seen in both vertebrate and 

invertebrate species including flies, fish, frogs, mice and humans (J. Liu et al., 2022). 
 

 

4.3.1 Multiple RBPs are enriched around m5C 
Given the established role that RNA-binding proteins can have as reader proteins in regulating 
gene expression of methylated RNA, we decided to utilise the strong statistical power derived 

from our union set to investigate the potential function of known RBPs in relation to m5C 
modification. We therefore established a pipeline to investigate spatial proximity of known 

RBPs to our union list of 6,393 human m5C sites. 
In order to accomplish a large-scale enrichment analysis of RBPs around m5C modification, 

we downloaded public eCLIP-seq data from ENCODE (Van Nostrand et al., 2020). These 
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datasets contain information about the footprint of >100 known RBPs on their target mRNAs 

from two different cell lines: HepG2 and K562 llymphoblast cells form myelogenous leukemia 
patient and human hepatoma, respectively. We also included similar binding data for the 

known m5C reader ALYREF (Y. C. T. Yang et al., 2015), used as a positive control. 
We selected the middle region of each eCLIP peak for each of the proteins as the middle 

nucleotide in their footprint and regarded it as the RBP binding site. Then, a gradient of regions 
surrounding the each RBPs’ binding site (± 20/30/50/70 nucleotides) was selected as ‘RBP 

adjacent region’. We filtered those mRNAs that contained both m5C modifications and RBP 
peaks and calculated the number of m5C and C within and outside the selected regions. 

Finally, we calculated the odds ratio and p-value using proportion test and adjusted the p-
value using the ‘fdr’ method. Details of the pipeline is outlined in the materials and methods 

section 3.5. 

This aforementioned method was applied to the eCLIP-seq data downloaded from ENCODE, 
which include the binding regions of 122 RBPs form K562 cells and 104 from HepG2 cells, 

and using our union set of 6,393 human m5C sites. The enriched p-value for gradient regions 
of these RBPs are shown in Figure 14 A and B. m5C sites located within the 50 nucleotides 

region around an RBP binding site were selected for the subsequent analyses. Interestingly, 
several RBPs were found to have their footprint on mRNA significantly enriched near m5C 

sites. Among these, AKAP1, DDX3X, DHX30, FTO, NCBP2, RPS3 and UPF1 proteins were 
found to be top hits in both cell lines (Fig. 14 C and D). 
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Figure 14 - (A and B) Enrichment analysis of RBPs using union set of m5C sites. eCLIP data 

from ENCODE in HepG2 cells (A) and K562 cells (B). The regions around RBP binding sites 

were set as intervals of ± 20 nt, ± 30 nt, ± 50 nt or ± 70 nt, with the middle position of the 

footprint set as 0. P-values were calculated as Chi-Squared Test: *p < 0.05; **p < 0.01; ***p < 
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0.001 (C) Enrichment analysis for m5C sites from union set with RBPs eCLIP binding-sites in 

HepG2 cell line. (D) Enrichment analysis for m5C sites from union set with RBPs eCLIP 
binding-sites in K562 cell line. 

 
We next decided to check whether these results are the same when restricting our enrichment 

analyses to only m5C sites found in individual cell lines. We therefore repeated the analysis 
using only m5C sites found in either HeLa or HepG2 cell lines. 2,342 m5C sites were detected 

on mRNA from five HeLa bsRNA-Seq datasets from three studies (Yang et al, 2017; 
Schumann et al, 2020; Huang et al, 2019). In addition, 708 m5C sites were detected on mRNA 

from two HepG2 bsRNA-Seq datasets from one study (Liu et al, 2021). The enriched p-value 
for gradient regions of these RBPs are shown in Figure 15 A and B. Similarly to the results 

obtained using our union list, the top RBPs were found to significantly overlap with m5C sites 

detected in HeLa or HepG2 cells only (Fig. 15 C and D). 
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Figure 15 - (A and B) Enrichment analysis of RBPs (from ENCODE in HepG2 and known 

m5C reader in HeLa) and m5C from HeLa (A) and HepG2 (B). The regions around RBP binding 

sites were set as intervals of ± 20 nt, ± 30 nt, ± 50 nt or ± 70 nt, with the middle position of the 
footprint set as 0. P-values were calculated as Chi-Squared Test: *p < 0.05; **p < 0.01; ***p < 

0.001 (C) Enrichment analysis for m5C sites from HeLa cells with RBPs eCLIP binding-sites 

A B

***
***
***
***
***
***
***
***
***
***
**
**
**
**
**
**
*
*
*
*
*
*
*
*
*
*

NA

***
***
***
***
***
***
***
***
***
***
***
*
***
**
**
***
***
**
***
*
***
**

*
*

*
*
*
***
**
*

*
*

***
***
***
***
***
***
***
**
***
*
***

***
*
**
***
***
***
***
***
***
***

***
*
***
*
**
*
***
**
*

*
*

*

*

***
***
***
***
***
***
***

***
**
***

***

***
***
***
***
***
***
***
***

***

***
**

***
*
**

*
*
***
**

*

***
*

20 30 50 70

DDX3X
RPS3
FTO
UPF1
NCBP2
DHX30
AKAP1
EXOSC5
LARP4
YBX3
NKRF
EIF3D
SRSF1
SUB1
PCBP1
PCBP2
ALYREF..HeLa.combine
BCLAF1
XPO5
EFTUD2
SDAD1
XRN2
POLR2G
NOL12
HNRNPK
RBM15
U2AF1
ZNF800
DDX6
GRSF1
CSTF2T
PPIG
LSM11
EIF3H
FASTKD2
SRSF7
PRPF4
DROSHA
DDX55
FUBP3
PRPF8
FAM120A
SND1
LIN28B
SLTM
SF3A3
AQR
CDC40
U2AF2
SSB
TIAL1
TIA1
AGGF1
SFPQ
CSTF2
QKI
SF3B4
FXR2
DKC1
GTF2F1
NOLC1
KHSRP
BUD13
RBFOX2
FKBP4
G3BP1
PABPN1
IGF2BP1
HLTF
HNRNPUL1
RBM22
SMNDC1
STAU2
NIP7
DDX59
ILF3
HNRNPC
PTBP1
ZC3H11A
TRA2A
MATR3
TROVE2
UCHL5
IGF2BP3
GRWD1
WDR43
SRSF9
UTP18
HNRNPL
SUGP2
LARP7
HNRNPM
FUS
TBRG4
RBM5
SUPV3L1
DGCR8
DDX52
HNRNPA1
HNRNPU
SAFB
TAF15
XRCC6
BCCIP

0

2

4

6

8
-log10(p.adj)

***
***
***
***
***
***
***
***
***
***
**
**
**
**
**
**
*
*
*
*
*
*
*
*
*
*

NA

***
***
***
***
***
***
***
***
***
***
***
*
***
**
**
***
***
**
***
*
***
**

*
*

*
*
*
***
**
*

*
*

***
***
***
***
***
***
***
**
***
*
***

***
*
**
***
***
***
***
***
***
***

***
*
***
*
**
*
***
**
*

*
*

*

*

***
***
***
***
***
***
***

***
**
***

***

***
***
***
***
***
***
***
***

***

***
**

***
*
**

*
*
***
**

*

***
*

20 30 50 70

DDX3X
RPS3
FTO
UPF1
NCBP2
DHX30
AKAP1
EXOSC5
LARP4
YBX3
NKRF
EIF3D
SRSF1
SUB1
PCBP1
PCBP2
ALYREF..HeLa.combine
BCLAF1
XPO5
EFTUD2
SDAD1
XRN2
POLR2G
NOL12
HNRNPK
RBM15
U2AF1
ZNF800
DDX6
GRSF1
CSTF2T
PPIG
LSM11
EIF3H
FASTKD2
SRSF7
PRPF4
DROSHA
DDX55
FUBP3
PRPF8
FAM120A
SND1
LIN28B
SLTM
SF3A3
AQR
CDC40
U2AF2
SSB
TIAL1
TIA1
AGGF1
SFPQ
CSTF2
QKI
SF3B4
FXR2
DKC1
GTF2F1
NOLC1
KHSRP
BUD13
RBFOX2
FKBP4
G3BP1
PABPN1
IGF2BP1
HLTF
HNRNPUL1
RBM22
SMNDC1
STAU2
NIP7
DDX59
ILF3
HNRNPC
PTBP1
ZC3H11A
TRA2A
MATR3
TROVE2
UCHL5
IGF2BP3
GRWD1
WDR43
SRSF9
UTP18
HNRNPL
SUGP2
LARP7
HNRNPM
FUS
TBRG4
RBM5
SUPV3L1
DGCR8
DDX52
HNRNPA1
HNRNPU
SAFB
TAF15
XRCC6
BCCIP

0

2

4

6

8
-log10(p.adj)

m
5 C/

RB
P o

ve
rla

p
Lo

g 2
(O

dd
s R

at
io

)

HeLam5C (n = 2,342)
eCLIP data in HepG2

-log10(p.adj)

0

1

2

-1

40200 60 80

BCLAF1

DDX3X

UPF1
RPS3

DXH30

NCBP2

ALYREF (HeLa)

C

AKAP1

FTO

-log10(p.adj)

m
5 C/

RB
P o

ve
rla

p
Lo

g 2
(O

dd
s R

at
io

)

D

DXH30
DDX3X

RPS3
UPF1

NCBP2

ALYREF (HeLa)

0

2

-2
1050 15 20

HepG2 m5C (n = 708)
eCLIP data in HepG2

HeLam5C (n = 2,342)
eCLIP data in HepG2

HepG2 m5C (n = 708)
eCLIP data in HepG2

30 50 7020 30 50 7020



 
 

 65 

in HepG2 cell line. (D) Enrichment analysis for m5C sites from HepG2 cells with RBPs eCLIP 

binding-sites in HepG2 cell line. 
 

Encouraged by the recurring enrichment of these proteins around m5C sites, we decided to 
further characterize the extent of such overlap. To accomplish this, we opted to examine the 

frequency of a given RNA-binding protein (RBP) binding to an m5C-modified mRNA within 
both a 50-nucleotide region surrounding the modification site and outside this region. We 

focused on the 2,342 m5C sites identified in HeLa cells, as this cell line would serve as the 
target for any probable experimental validation approach, as previously mentioned. Once 

again, we found that the top enriched RBPs identified from our previous analyses clustered 
together (in red), as opposed to depleted RBPs (in blue) (Fig. 16A). This data confirms that 

within this dataset, a subgroup of proteins, upon binding to methylated mRNAs, exhibits an 

affinity to interact with their target mRNAs in close proximity to an m5C modification site.  In 
addition, when looking at the number and distribution of m5C modifications along the mRNAs 

targeted by these proteins, we observed that in many cases, the hotspots of methylation 
overlapped with the RBPs’ footprint (Fig. 16B). This was particularly noticeable for DDX3X, 

RPS3 and NCBP2. For the sake of comparison, we conducted a similar analysis on other 
RBPs from the same datasets, which exhibited a contrasting behavior involving the location 

of their footprints and the presence of the m5C modifications within the same mRNA targets. 
As expected, our findings revealed a lack of correlation between the binding sites of these 

RBPs on their target mRNAs and the locations of methylation within these mRNAs (Fig. 16C). 
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Figure 16 - (A) Top enriched RBPs in A and depleted RBPs shown by comparing the number 

of RBP binding sites on HeLa m5C methylated mRNA and around m5C methylation (± 50nt). 

Metagene distribution of enriched (B) and depleted (C) RBPs (bottom panel) and m5C (top 
panel) around mRNA. 
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To further appreciate the extent of the methylation peaks over the binding region of our RBPs, 

we decided to set the middle point of each protein’s footprint as 0, over which we overlaid both 
the m5C and C density of their target mRNAs. What we observed was a marked peak of 

methylation that coincided with the central region of their binding sites (Fig. 17). Altogether, 
our data points towards a different binding pattern of some RBPs that could be influenced by 

the methylation content of their target mRNAs. 
 

 

 
Figure 17 - Distribution of m5C (in red) and background C (in grey) overlaid on RBP binding 

sites. 
 

 

 

4.3.2 The function of UPF1 RBP is affected by the lack of NSUN2 methyltransferase 
Our findings were particularly intriguing that sparked our interest in further investigating the 

relationship and the functional interaction between m5C modifications and RBPs. 

Among the proteins we found in our enrichment analysis, we decided to follow up on some of 
them, including UPF1. 

 
UPF1 is a known RNA-binding protein with ATP-dependent RNA helicase activity that can 

bind non-specifically to mRNA. UPF1 is also the core component of nonsense mediated decay 
(NMD), a translation-dependent mechanism that cells use to trigger degradation of transcript 

then they contain a premature termination codon (PTC) (Kurosaki et al. 2019). These PTCs 
are often the result of genomic mutations or splicing aberrations, which generate aberrant 

open reading frames (ORFs) that could be deleterious for the cell (Lloyd, 2018). The NMD 
process is triggered by the phosphorylation of UPF1 mediated the SMG1 kinase, which is in 
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turn stimulated by UPF2 and UPF3B proteins (Lee et al., 2015). Once in its 

hyperphosphorylated state, UPF1 can then recruit SMG6 protein, an endonuclease that 
cleaves the target RNA, as well as SMG5 and SMG7, which will induce de-capping and de-

adenylation (Lavysh & Neu-Yilik, 2020). Together, they will ultimately lead to transcript 
degradation. 

While there is a consensus in the community for NMD being a translation-dependent 
mechanism (Lavysh & Neu-Yilik, 2020), it was shown that also small nucleolar RNAs 

(snoRNAs) and long non-coding RNAs (lncRNAs) can be targeted by NMD (Lykke-Andersen 
et al., 2014). This implies that either these lncRNAs do interact with the ribosome or that NMD 

is not a purely translation-dependent mechanism. 
 

In 2020, UPF1 was reported to initiate mRNA degradation independently from translation 

termination (Fischer et al., 2020). In synergy with the RNA-binding protein G3BP1, UPF1 can 
initiate a decay pathway that degrades mRNAs that have a highly structured 3’ UTR. Rather 

than scanning for particular regions or sequences, this pathway recognises high level of 
general structuredness and is referred to as structure-mediated decay (SRD) (Fischer et al., 

2020).  
Moreover, in addition to proofreading mRNAs for PTCs, NMD was also discovered to regulate 

the steady-state of physiological mRNAs which encodes for seemingly functional, full-length 
proteins as a way to regulate embryonic development and stress response (Nasif et al., 2018).  

These mRNAs were found to be enriched in UPF1 binding via CLIP experiments and sensitive 
to UPF1-induced degradation thanks to UPF1 KD RNA sequencing experiments, but yet they 

did not present any of the features typically necessary to trigger NMD or SRD, like PTCs or 

highly structured 3’ UTRs (Nasif et al., 2018). 
Overall, UPF1 function in mRNA decay appears to not be limited to degradation of PTC-

containing mRNAs, but rather a powerful regulator of gene expression regulation, including 
mRNAs encoding functional ORFs. As a unified mechanism for UPF1 function is lacking, 

further investigation is necessary to fully comprehend the extent of UPF1-mediated regulation 
of mRNA decay and additional mRNA features that regulate UPF1-dependent steady-state 

regulation. 
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4.3.2.1 m5C-mRNAs are differentially (de)regulated upon UPF1 KD  

Given the significant overlap between UPF1 footprint on mRNA and m5C modifications, we 
wondered whether there could be a connection between UPF1 function on its targets and their 

methylation content. We assessed whether the regulatory influence exerted by UPF1 on the 
steady state of m5C-decorated mRNA could be affected by varying their methylation state. In 

order to set up experimental conditions in which m5C levels were reliably and consistently 
reduced, we employed the Crispr/Cas9 technology to generate a NSUN2 KO HeLa cell line 

(details are outlined in the materials and methods section, 3.7).  
The reason we decided to target NSUN2 among the different m5C methyltransferase is 

because both in our data (Fig. 9A and 10A) as well as in the published literature (Yang et al, 
2017; Amort et al, 2017; Schumann et al, 2020), NSUN2 was found to be the main contributor 

to mRNA m5C methylation. Given that that the majority of m5C sites rely on NSUN2, the logical 

deduction follows that knocking out NSUN2 would impact a large proportion of m5C sites. This 
approach specifically targets a single m5C methyltransferase while affecting the greatest 

number of sites. In addition, having a KO cell line over performing a knockdown via siRNA 
boasts an advantage of being unaffected by fluctuations in the expression level of NSUN2 

protein, a downside that can be observed when transiently downregulating RNA 
methyltransferases. 

 
Once we had NSUN2 KO cell line, we knocked down UPF1 protein in both WT and NSUN2 

KO HeLa cells, which allowed us to directly compare the effect of the regulation mediated by 
UPF1 with (WT) and without (NSUN2 KO) m5C modification. After ensuring that the protein 

levels of both UPF1 and NSUN2 were appropriately affected (Fig. 18A) via Western blot 

analysis, we performed total RNA sequencing on the RNA derived from three biological 
replicates (Fig. 18B). 
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Figure 18 - (A) Three biological replicates of the proteins derived from control condition 

(siSCR) and the knockdown of UPF1 protein in wild-type and NSUN2 KO HeLa cells. ACTB 
was used as loading control. (B) Genome tracks showing the reduction in expression level of 

both NSUN2 and UPF1 in four experimental groups in the three biological replicates. 
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Our analysis revealed that compared to siSCR (non-targeting) control condition, the 

knockdown of UPF1 in WT and NSUN2 KO cells resulted in a similar number of downregulated 
genes (~2,000). However, the number of upregulated genes upon UPF1 KD was lower in 

NSUN2 KO (1,908) compared to WT (2,365) cells, a difference of more than 450 genes (Fig. 
19A). In order to assess whether this differential regulation we observed could be attributed 

to the different m5C content in mRNA in WT vs NSUN2 KO cells, we used bisulfite sequencing 
data of WT untreated cells and NSUN2 KO/KD HeLa cells (Huang et al, 2019; Yang et al, 

2017) to compile a list of 1,633 NSUN2-dependent m5C sites in HeLa cells (Table 7). Next, 
we selected those m5C sites located on mRNAs that are also enriched in UPF1 binding. We 

then decided to further separate these candidate genes into two subgroups, depending on 
whether their m5C site was found within or outside the 50-nucleotide region centered on the 

middle point of UPF1 footprint. We then looked at their expression levels upon UPF1 

knockdown, in WT vs NSUN2 KO. We selected those m5C sites located on mRNA that are 
also enriched in UPF1 binding and looked at their expression levels upon UPF1 knockdown, 

in WT vs NSUN2 KO. We found that the ‘in region’ candidate mRNAs (Fig. 19B, top panel) 
were found to significantly accumulate in WT cells upon UPF1 KD. This accumulation however 

was significantly reduced when UPF1 was knocked down in NSUN2 KO cells (Fig. 19B). An 
intriguing observation emerged when examining the second subgroup, where the m5C site 

was situated beyond the 50-nucleotide span around the midpoint of the UPF1 footprint (as 
depicted in Figure 19C, top panel). We noted that not only did these mRNAs exhibit 

substantially lower accumulation upon UPF1 knockdown in WT cells, but they also lost or 
drastically reduced the distinctive differential regulation we had previously observed in NSUN2 

knockout (KO) cells for the "in region" genes (as shown in Figure 19C). 
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Figure 19 - (A) Changes in RNA expression levels upon knockdown of UPF1 in wild-type 

and NSUN2 KO HeLa cells. (B and C) RNA levels of UPF1 target genes with m5C within (B) 

or outside of (C) the 50 nucleotides region (top, in green) from the middle point of UPF1 
footprint. Different colours indicate different extent of UPF1 enrichment (in fold change). P-

values were calculated using student's t test: *p < 0.05; **p < 0.01; ***p < 0.001.  
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As an additional control, we looked at the RNA levels of those mRNAs with UPF1 binding 

overlapping with NSUN2-independent m5C sites. In particular, we selected sites that had the 
m5CUCCA sequence motif that is typically associated with NSUN6 methyltransferase (Liu et 

al, 2021), which showed no changes in expression level upon NSUN2 KO/KD (data not 
shown). As expected, the downregulation of UPF1 had the same effect on the steady state of 

these transcripts in both WT and NSUN2 KO cells and no differential regulation was observed 
(Fig. 20). 

 
 

 

 
 

 
Figure 20 - Scatterplot showing the change in RNA levels upon UPF1 KD, in WT and NSUN2 

KO cells. In blue, ‘in region’ NSUN6-dependent m5C sites characterised by the m5CUCCA 
sequence motif. 
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We then decided to further validate the results obtained from our RNA-seq experiment. We 

selected 4 mRNAs from the ‘in region’ subgroup shown in Figure 19B: FADS2, FKBP10, 
NIBAN2 and OSMR (Fig. 21A). Together with a positive and negative control gene, performed 

RT-qPCR using cDNA derived from the same RNA samples sent for sequencing as a 
template. Our validation experiment confirmed a significant accumulation of these mRNA upon 

UPF1 knockdown in WT cells and the lack of such regulation upon UPF1 knockdown in 
NSUN2 KO HeLa cells (Fig. 21B).  

 

 
 

Figure 21 - (A) Scatterplot showing the change in RNA levels upon UPF1 KD, in WT and 

NSUN2 KO cells. In red, ’in region’ NSUN2-dependent m5C sites. candidates chosen for RT-

qPCR validation. (B) Relative RNA levels of genes selected from (A) showing upregulation 
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upon UPF1 knockdown in wild-type but not in NSUN2 KO HeLa cells. PEA15 and ITM2B were 

used as positive and negative controls, respectively. Values were normalised over ACTB and 
expressed as relative quantity with respect to siSCR treatment set as 1. Individual biological 

replicates are shown in figure on each bar as different shapes. N = 3. P-values were calculated 
using two-tailed Student’s t test. Student’s t test-derived p values: *p < 0.05; **p < 0.01; ***p 

< 0.001. 
 

 
 

4.3.2.2 UPF1-targeted mRNAs are differentially (de)regulated upon NSUN2 KO 

We were interested delving deeper into comprehending the convoluted interplay between the 
activity of NSUN2-dependent methylation and the role played by UPF1 in adjusting mRNA 

stability. We established that the lack of NSUN2 methyltransferase, and therefore a reduced 
methylation content in mRNA, affects the function of UPF1 on some of its target mRNAs. We 

then wondered if the opposite was also true. In particular, we were curious whether a similar 

differential regulation could be observed when comparing the steady-state level of mRNA in 
NSUN2 KO compared to WT cells, upon UPF1 KD. 

We decided to divide the transcriptome into five different groups (Fig 22A): targets of neither 
NSUN2 nor UPF1 – ‘non targets’ (group I); NSUN2 targets only (group II); UPF1 targets only 

(group III); UPF1 and NSUN2 targets (group IV) – same as Figure 19C; UPF1 binding around 
m5C (group V) – same as Figure 19B. We then looked at the RNA levels of each group upon 

NSUN2 KO, with (siSCR) and without (siUPF1) UPF1 protein. Interestingly, we found that 
mRNAs belonging to group V, not only had the highest degree of accumulation upon NSUN2 

KO in siSCR conditions, but also had the highest significant difference between siSCR and 
UPF1 KD, compared to group I (Fig. 22B). Indeed, in UPF1 KD condition, no accumulation 

was observed upon NSUN2 KO. Again, the observed differential regulation observed upon 

NSUN2 KO resembles the differential regulation observed in the previous section upon UPF1 
KD. This data successfully recapitulates the effects of UPF1 knockdown and links the function 

of UPF1 protein with the methyltransferase activity of NSUN2 enzyme. 
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Figure 22 - (A) Transcriptome subdivision into 5 categories. (B) Boxplot showing RNA levels 

upon knockout of NSUN2 proteins in siSCR and siUPF1 conditions. Different RNA populations 
are defined in the Venn diagram (A). P-values were calculated using student's t test: *p < 0.05; 

**p < 0.01; ***p < 0.001. 
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4.3.3 UPF1 binding of m5C-mRNAs is regulated by NSUN2 methyltransferase 

 
Considering the functional connection between NSUN2 expression levels and UPF1 activity 

on m5C-decorated mRNAs, we wondered if the distinct regulatory patterns observed in the 
preceding section could be attributed to alterations in UPF1 binding resulting from varying 

levels of mRNA methylation. 
We wanted to know whether the decrease in methylation content on certain mRNAs could 

impact UPF1's ability to bind to them. To address this, we decided to perform CLIP 
experiments. We optimised the immunoprecipitation of UPF1 protein after UV-crosslinking and 

performed the experiment in both WT and NSUN2 KO HeLa cells. This enabled direct 
comparison between the enrichment of UPF1 protein on specific mRNAs with (WT) and 

without (NSUN2 KO) m5C modification. 

CLIP experiments were performed in 5 independent biological replicates and checked for the 
relative amount of UPF1 protein recovered using Western blot analysis (Fig. 23A). 

We managed to achieve a similar enrichment of the target protein in both cell lines, compared 
to their input sample. This was an important goal, as it makes the direct comparison between 

the two conditions reasonable. We then extracted the RNA fraction associated with the 
immunoprecipitated protein and performed RT-qPCR for the same candidate genes as in 

Figure 21B: FADS2, FKBP10, NIBAN2, OSMR, together with a positive and negative control. 
The analysis of the RT-qPCR experiment revealed a significant increase in binding activity for 

UPF1 upon NSUN2 KO. These target genes were found to be significantly more enriched in 
NSUN2 KO samples compared to their WT control (Fig. 23B), despite similar levels of 

enrichment were observed for the positive control DNAL4 (Fig. 23C).  

DNAL4 gene was selected as a positive control for this CLIP experiment because, like the 
other target genes, it was enriched in UPF1 binding, making DNAL4 a good control to test the 

efficiency of the immunoprecipitation. However, DNAL4 lacks any NSUN2-dependent m5C 
modification, which makes it a good control to ensure that the efficiency of the 

immunoprecipitation was comparable between the WT and NSUN2 KO regardless of any m5C 
levels, and its enrichment remained unchanged in the two conditions. 

Unlike DNAL4, whose binding to UPF1 was unaltered upon NSUN2 KO, the other four 
candidates we tested (FADS2, FKBP10, NIBAN2 and OSMR) showed a strong and significant 

> 2-fold increase in binding to UPF1 in NSUN2 KO condition (Fig. 23B), further linking the 
activity of NSUN2 m5C methyltransferase to the function of UPF1.  
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Figure 23 - (A) Five biological replicates of proteins derived from UPF1 CLIP in WT and 

NSUN2 KO experiment. ACTB was used as a control. N = 5. (B and C) Enrichment levels of 
mRNA candidates in WT and NSUN2 KO HeLa cells upon UPF1 CLIP. Values were 

normalised over RNA SPIKE-IN and expressed as % of input relative to WT (B) or % of input 

(C). DNAL4 and ITM2B were used as positive and negative controls, respectively. Individual 
biological replicates are shown in figure on each bar as different shapes. N = 5. P-values were 

calculated using two-tailed Student’s t test. Student’s t test-derived p values: *p < 0.05; **p < 
0.01; ***p < 0.001. 
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Overall, our data indicate a functional association between m5C modification of mRNA and 

UPF1-mediated regulation of mRNA steady state, gaining further insights into an additional 
mechanism of action for UPF1 function. We propose that the portion of mRNAs that are 

regulated by UPF1, despite lacking the features typically associated with either NMD (PTCs) 
or SRD (structured 3’ UTRs), can be dependent on NSUN2-dependent m5C content.  
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5. Discussion 
 
A growing collection of studies indicates a key role for RNA modification as an additional layer 

of gene expression regulation (Amort et al., 2017; Huang et al., 2019; Liu et al., 2021a, 2022; 
Schumann et al., 2020; Squires et al., 2012; Yang et al., 2017, 2019) . 5-methylcytosine, once 

only regarded as a tRNA modification (Reid et al., 1999), is now known as a widespread RNA 
modification that can be found on all known RNA species, including mRNA (Huang et al, 2019; 

Squires et al, 2012; Schumann et al, 2020; Yang et al, 2017). Therefore, m5C could be an 
important biochemical mark, which has the potential for regulating several different steps of 

RNA metabolism and function (Gilbert & Nachtergaele, 2023). 
This broad rediscovery of m5C as an important mRNA modification was possible thanks to the 

development of a method for the detection and quantification of this modification in a 

transcriptome-wide manner. This method became available with the coupling of bisulfite 
conversion of RNA with high-throughput sequencing techniques (Squires et al., 2012).  

There are tens of publications now that have used this approach and reported several different 
lists of m5C modification on RNA derived from a variety of different species, including human 

(Table 7). In particular, bsRNA sequencing technique has been applied to several different 
human cell lines and tissues, which resulted in a deeper understanding of the distribution and 

abundance of m5C modification in the human transcriptome. 
However, upon a close inspection of the lists of m5C sites that have been reported during the 

past 10 years, it seems clear that the number of sites generally reported by different groups 
do not always match. In particular, early studies that published bsRNA sequencing results 

have reported a number of m5C sites in various human cell lines between 5,000 and 10,000 

(Amort et al., 2017; Squires et al., 2012; Wei et al., 2018; X. Yang et al., 2017a). More recent 
publications, instead, report a more conservative number of sites of 1,000 or less (Liu et al, 

2021; Huang et al, 2019; Schumann et al, 2020).  
There are several reasons as per why that is the case, which include technical differences in 

the data analysis pipeline used by different groups, as well as substantial difference in the 
transcriptomes of different cell type, which include different expression levels of the m5C writer 

proteins and the very mRNA molecules that are decorated with m5C modification.  
In this thesis we proposed to resolve this disparity by generating a union dataset of m5C site 

across the human transcriptome. The way we achieved this goal started with the collection 
and re-analysis of several different bsRNA sequencing datasets that are publicly available in 

the literature. We collected several bsRNA sequencing data form 5 different human cell line 

and 7 human tissues and re-analysed them all using a stringent and unified pipeline for m5C 



 
 

 81 

site calling (Table 7). We used our custom pipeline independently on all the selected datasets. 

Once we obtained a list of high-confidence m5C sites from each of these datasets, we then 
pulled these together to compile the most comprehensive (to date) union set of 6,393 human 

m5C site. 
While the number of sites in our union set appears to be closer to the early papers reporting 

m5C sites on RNA (Amort et al., 2017; Squires et al., 2012; Wei et al., 2018; X. Yang et al., 
2017a), our 6,393 sites are the result of a union set generated by the thorough re-analysis of 

available datasets from various sources. While we expanded our union set to include sites 
from several different human cell lines and tissues, we retained the high confidence derived 

form a stringent m5C site calling method. We are therefore confident that these sites are as 
high confidence as more recent studies reporting hundreds of m5C sites in individual cell types, 

while not being constricted to the RNA methylome of specific cell line. 

Our union set of human m5C is useful and important for a number of reasons. For starters, our 
dataset contains all those sites that can be confidently called as m5C sites in at least one of 

the cell types we have bsRNA sequencing data for. This means that differences in the 
expression level of different NSUN enzymes, as well as the expression level of the RNA 

molecules that can be targeted by these writer proteins, are accounted for. This is an 
advantage over an “overlap” datasets, that only includes m5C sites present in all the cell types 

in the analyses. This is because if an mRNA is confidently methylated in one sample (e.g. 
HeLa cells) but not in another (e.g. HEK293 cells), it does not exclude a possible biological 

significance for that site in the first sample. In fact, we have demonstrated in this thesis that 
the differential methylation observed for most sites between different samples is mainly due 

to (1) low read coverage (differential expression of m5C-mRNAs) or (2) sub-methylation level 

(differential expression of m5C writer proteins or different pipelines used for the data analysis).  
Lastly, our union set contains a high number of high-confidence m5C sites (6,393), which 

translates into a high statistical power to perform a number of enrichment analyses that would 
otherwise be challenging, including the investigation of possible interaction between m5C 

modification and RBPs. 
 

In the second chapter of this thesis (section 4.2), we focused on better understanding the 
enzymology of different NSUN methyltransferase proteins, such as NSUN2, NSUN5 and 

NSUN6. 

We started by re-analysing publicly available bsRNA sequencing data whereby one of these 
m5C writers was interfered with. In particular, by re-analysing NSUN2 KD and KO samples 

(Yang et al, 2017; Huang et al, 2019), as well as NSUN6 KO samples (Liu et al, 2021), we 
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were able to attribute the majority of m5C sites in HeLa and HEK293 cells to either NSUN2 

(81.1%) or NSUN6 (16.3%). In addition, we could confirm the previously proposed 
categorisation of m5C sites into either Type I (which mimic sequence and structural context 

around tRNA variable loops, a canonical substrate of NSUN2) (Huang et al, 2019; Schumann 
et al, 2020) or Type II (which carry mixed features recognised by NSUN6 in the tRNA acceptor 

stem) (Liu et al, 2021). However, using these established features that NSUN2 and NSUN6 
writer proteins recognise in mRNA molecules to trigger m5C deposition, we could further 

categorise m5C sites into Type I or II in our union set, even in those cell types where no KO 
or KD sample was available. We therefore expanded our knowledge on the enzymology of 

NSUN2 and NSUN6 proteins, by confidently predicting that 4281 m5C sites of our union set 
(66.9%) are mediate by NSUN2 (hence type I), while 1037 sites are mediated by NSUN6 

(hence type II).  

Moreover, we identified thousands of sites that are methylated with m5C modification upon the 
overexpression of NSUN5 protein. While previously identified as a m5C methyltransferase 

targeting rRNA (Heissenberger et al., 2019; Janin et al., 2019), we demonstrated that NSUN5 
can also deposit m5C modifications on mRNA. 

By comparing the sequence and structure motifs observed around these NSUN5-dependent 
m5C sites we observed a strong similarity to NSUN5 canonical target on the 28S rRNA 

(C:3782). We therefore propose a third class of m5C sites, Type III, which is characterised by 
a GUXGCm5CAXXUG sequence logo a secondary structure that mimics the immediate 

surrounding of C:3782 in 28S rRNA. Looking at the distribution of these m5C sites along the 
mRNA sequence, we noticed how the overexpression of NSUN5 leads to an unusual density 

of methylation along the CDS. This phenomenon is likely to be the result of the abnormally 

high expression level of NSUN5 and therefore not reflecting the physiological distribution of 
sites seen in other samples. However, elevated levels of NSUN5 were observed in 

pathological condition such as colorectal cancer, where it promotes cell proliferation (Jiang et 
al., 2020). The deregulation of NSUN5 expression level and the consequent aberrant 

deposition of m5C modification on other transcriptomic sites that resemble, in sequence or 
structure, its canonical sites on rRNA might therefore lead to disease, a concept that has been 

poorly studied. In the future, it will be interesting to investigate whether the aberrant expression 
of NSUN5 and its methyltransferase activity targeting mRNA may have a role in pathogenesis, 

 

In the third chapter of this thesis (section 4.3), we used the high statistical power derived from 
our union set of human sites to investigate the possible extent and function of m5C interaction 

with known RBPs. Indeed, by overlapping our list of m5C sites on mRNA with eCLIP dataset 
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for >100 different RBP, we identified several RBPs whose footprint on mRNA significantly 

overlaps with m5C modifications.  
 

Several insights into the function of m5C in mRNA have emerged from its consistent co-
enrichment with the footprints of certain RNA-binding proteins. For instance, FTO primarily 

demethylates N6,2’-O-dimethyladenosine in the 5' cap structure of mRNA, affecting its stability 
(Mauer et al., 2017), potentially linking m5C with m6A metabolism. NCBP2, a subunit of the 

nuclear cap-binding complex, is another interesting candidate; it promotes various steps in 
mRNA metabolism, including nuclear export in conjunction with ALYREF (Kataoka, 2024). 

ALYREF is known to be a direct m5C reader protein that aids in the export of bound mRNA 
(X. Yang et al., 2017b); hence, the proximity of NCBP2 footprints to mRNA m5C sites is likely 

indirect but further implicates m5C in mRNA export. The cap-binding complex also plays a role 

in mRNA translation, as do several other enriched RBPs. RPS3 is part of the entry channel of 
the 40S ribosomal subunit, where it facilitates mRNA binding (Dong et al., 2017), whereas 

AKAP1 is a versatile protein involved in binding mRNA for local protein synthesis at the 
mitochondrial outer membrane (Cohen et al., 2024). Additionally, three RNA helicases 

(Bohnsack et al., 2023), DHX30, DDX3X, and UPF1, were persistently enriched. Two of these 
are linked to translation; a cytoplasmic form of DHX30 is involved in coordinating cytoplasmic 

translation and mitochondrial function (Bosco et al., 2021). DDX3X is strongly associated with 
the initiation stage of translation (Ryan & Schroder, 2022) and has been shown to bind the 

NRAS mRNA 5' UTR similarly to NSUN5 (Herdy et al., 2018). These findings suggest potential 
explanations for the known connection between m5C and mRNA translation (Huang et al, 

2019; Schumann et al, 2020; Liu et al, 2021). Lastly, UPF1 is a known factor triggering the 

decay of m6A:mRNA via interacting with the m6A reader YTHDF2 (Boo et al., 2022), providing 
further links between m5C and m6A. 

While all these RBPs are interesting candidates for further investigation into possible new m5C 
reader proteins, we focused our attention on one of them, UPF1. A systematic screening of 

the other top candidate RBPs will be part of future projects. 
UPF1 is an ATP-dependent helicase with a known role in regulating mRNA decay in various 

mechanism. The most studied pathway in which UPF1 has a central role is NMD, a translation-
dependent mechanism that aims to degrade those mRNA with a premature stop codon in their 

coding sequence (Kurosaki et al., 2019). These PTCs are often the result of genomic 

mutations or intron retention, and can lead to the synthesis of a truncated protein potentially 
deleterious for the cell. Once NMD gets activated, UPF1 is hyperphosphorylated and initiates 

the degradation of target mRNAs via de-capping, de-adenylation and endonuclease cleavage 
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of the RNA molecule (Kurosaki et al., 2019). A second pathway for mRNA degradation 

mediated by UPF1 is dependent of overall structuredness of the 3’ UTR of mRNA (SRD) 
(Fischer et al., 2020). In this pathway, UPF1 can recognise and bind to highly structured 3’ 

UTRs and, in complex with G3BP1 protein, can initiate mRNA decay. The molecular 
mechanism of SRD is currently unknown, although it has been proposed that UPF1/G3BP1 

complex can recruit an endonuclease enzyme that degrades the mRNA target (Fischer et al., 
2020). Despite the body of literature studying the complex mechanisms in which UPF1 can 

regulate mRNA steady state, a number a mRNAs have been reported to be targeted by UPF1 
binding and can undergo UPF1-mediated decay, despite not having any of the features 

typically recognised in NMD and SRD (Nasif et al., 2018).  
In this gap of knowledge, we propose that m5C modification can alter UPF1 function in 

regulating mRNA steady state (Figure 24).  

 
 

 

 
 
 

Figure 24 - Schematic representation of different pathways by which UPF1 regulates 

mRNA decay. 
 

We decided to analyse the steady state level of a subgroup of UPF1 targets that carry an 
m5C modification within a 50-nucleotide region form the middle of UPF1 footprint. By 

performing UPF1 knockdown experiment in WT vs NSUN2 KO cells, we found that the 
steady state of these mRNAs was differentially regulated by UPF1 depending on NSUN2 

expression level and therefore their methylation content. In particular, m5C:mRNAs turnover 
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was triggered by UPF1 only in WT cells, while upon NSUN2 KO the same non-methylated 

mRNAs were not affected by UPF1 dependent decay.  
In addition, UPF1 CLIP experiments performed in WT and NSUN2 KO HeLa cells revealed 

that the binding affinity of the same mRNAs to UPF1 protein was dependent on their m5C 
content. In particular, we found that UPF1 could bind to these mRNAs more strongly when 

they lack methylation (NSUN2 KO), compared to when they are physiologically methylated 
(WT). While UPF1 does not act as a canonical m5C reader, as its binding affinity to mRNA 

increases upon NSUN2 KO (as opposed to decreasing), our data indicate a functional 
association between NSUN2-dependent m5C modification and UPF1 regulation of mRNA 

decay. The mechanism by which m5C modification affects UPF1 is currently unknown, 
therefore further research is needed. It is known that m5C modification can stabilise RNA 

structures by promoting base stacking and by increasing the thermal stability of hydrogen 

bonding in C:G pairing (Hayrapetyan et al., 2009; Motorin & Helm, 2010). We hypothesise 
that a change in methylation content obtained upon NSUN2 KO could lead to a change in 

the secondary structure of the area recognised and bound by UPF1, which could lead to 
UPF1 staying in an inactive state. When inactive, UPF1’s helicase and ATPase centres are 

sterically inhibited, resulting in UPF1 clamping to RNA (Chakrabarti et al., 2011; Franks et 
al., 2010). This hypothesised situation can explain the lack of regulation by UPF1 but 

increased binding upon NSUN2 KO. In the future, further experiments are required to 
confirm the validity of this hypothesis and to elucidate the potential mechanism behind m5C 

dependent UPF1 function, perhaps by assessing the interaction of UPF1 with other core 
proteins regulating mRNA decay in WT and NSUN2 KO conditions. 
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Abbreviation Table 
 

Abbreviation Table 
Definition Abbreviation 

Bisulfite RNA Sequencing bsRNA-Seq 

Complementary DNA cDNA 

Coding Sequence CDS 

Crosslinking Immunoprecipitation  CLIP 

Copy Number Variation CNV 

CRISPR RNA crRNA 

Dulbecco's Modified Eagle Medium DMEM 

Double-stranded Break DSB 

Ethylenediaminetetraacetic Acid EDTA 

Enhancer RNA eRNA 

Fetal Bovine Serum FBS 

Genomic DNA gDNA 

Hepatocellular Carcinoma  HCC 

5-hydroxymethylcytosine hm5C 

Head and Neck Squamous Cell Carcinoma  HNSCC 

Knockdown KD 

Knockout KO 

Liquid Chromatography-Mass Spectrometry LC-MS 

Long non-coding RNA  lncRNA 

5-methylcytosine m5C 

N6-methyladenosine  m6A 

mouse Embryonic Stem Cells  mESCs 

micro-RNA miRNA 

messenger RNA mRNA 

mitochondrial RNA mtRNA 

Maternal-to-Zygotic Transition  MZT 

non-coding RNA ncRNA 

Non-Homologous End Joining  NHEJ 

Nonsense-Mediated Decay NMD  

Overexpression  OE 

Oxygen-Glucose Deprivation and Reoxygenation OGD/R 

Open Reading Frame ORF 

Photoactivatable Ribonucleoside enhanced PAR-CLIP 
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Crosslinking and Immunoprecipitation 

Premature Termination Codon PTC 

Position Weight Matrix PWM  

RNA-Binding Proteins  RBP 

RNA-Induced Silencing Complex RISC 

Ribosomal RNA rRNA 

Short interfering RNA siRNA 

Structure-Mediated Decay SRD 

transfer RNA  tRNA 

Urothelial Carcinoma of the Bladder UCB 

Untranslated Region UTR 

vault RNA vtRNA 

Wild Type WT 
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