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INTRODUCTION 
 

Cancer 
 

The term ‘cancer’ designates a set of diseases characterized by two properties: an 

aberrant tissue growth due to an uncontrolled cell division, and its ability to spread and 

colonize other tissues. In multicellular organisms, all cells are required to behave in a 

tightly coordinated manner, including dividing, differentiating or dying, in order to sustain 

organism survival. Molecular alterations that bypass this cellular homeostasis may give 

rise to cancer, in a multistep process that has been termed tumorigenesis. Molecular 

changes driving tumorigenesis, either genetic or epigenetic, confer cells selective 

advantages by allowing them to divide faster and survive more readily through adapting 

better to the environment, which progressively turn them carcinogenic and invasive 1. 

 

Cancer is a complex disease, comprising more than one hundred types of malignancies, 

every of them with a different pattern of molecular alterations. In an attempt to rationalize 

tumoral diversity, Hanahan and Weinberg proposed, in 2000, that all tumors display six 

common capabilities, regardless their specific mutational backgrounds: maintaining cell 

growth through sustaining proliferative signaling and evading growth suppressors, 

avoiding cell death, enabling replicative immortality, promoting angiogenesis, and 

activating invasion and metastasis programs 2 (Figure 1).  

 

As the cancer research field evolved so did our knowledge, and these authors upgraded 

the hallmarks list in 2011 with two additional capabilities: reprogramming of the energy 

metabolism to sustain cell proliferation and evading immune destruction 3 (Figure 1). 

 

Moreover, they proposed that two additional tumoral characteristics enable the 

acquisition of all cancer hallmarks. One is genomic instability, which favors mutability, 

providing cells with genetic and epigenetic alterations potentially beneficial for tumor 

progression. Molecular alterations promoting malignancy affect mainly proto-oncogenes 

and tumor suppressor genes. Proto-oncogenes are activated into oncogenes through a 

dominant gain-of-function alteration in one allele, occurring normally through genetic 

mutations, gene amplification and chromosomal rearrangements. However, inactivation 

of most tumor suppressor genes needs a recessive loss-of-function alteration, achieved 
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The classic epigenetic mechanisms are DNA methylation and covalent histone 

modifications, further discussed, and non-coding RNAs (ncRNAs). Overall, epigenetics 

affects chromatin compaction degree, regulating the access of different molecular 

machineries to genes, dictating gene expression or repression. Taking this notion into 

account, other epigenetic layers affecting chromatin compaction could be added to the 

classic picture: nucleosome positioning and histone replacement 6 (Figure 2), although 

they will not be further discussed. 

 
 

DNA methylation 
 
DNA methylation generally consists of the covalent attachment of a methyl group (-CH3) 

to the fifth carbon of the pyrimidine ring of a cytosine, resulting in 5-methylcytosine 

(5mC). It was the first covalent modification discovered on the DNA 7, and most likely the 

most extensively characterized epigenetic mark.  

 

DNA methylation is carried out by DNA methyltransferases (DNMTs), using the cofactor 

S-adenosyl-L-methionine (SAM) as the methyl group donor. There are three DNMTs in 

humans. DNMT3A and DNMT3B are responsible for de novo methylation, namely, 

methylation of previously unmethylated regions 8. Both enzymes are essential during 

early development, with their inactivation leading to early embryonic lethality 
9.  Moreover, DNMT3A/B methyltransferase activity is enhanced by the catalytically 

inactive partner DNMT3L 10. On the other hand, DNMT1 is in charge of the maintenance 

of DNA methylation patterns across cell divisions. DNMT1 binds hemimethylated DNA 

double strands after replication, guided by the UHRF1 protein, and ‘copies’ the 

methylation pattern from the parental strand to the daughter strand 11 (Figure 3). UHRF1 

expression is regulated in a cell cycle-dependent manner, to ensure the correct timing of 

maintenance DNA methylation  12. 

 

DNA demethylation can occur either by passive or active mechanisms. Passive 

demethylation takes place upon DNMT1 inhibition, which leads to loss of DNA 

methylation after successive cell divisions. Active demethylation is an energy-demanding 

process, as it involves the catalytic removal of the methyl group from the modified 

cytosine, and it is carried out by the ten-eleven translocation (TET) family of proteins 

(TET1-3) 13. TET-mediated DNA demethylation is a multistep process that sequentially 

oxidizes 5mC, first to 5-hydroxymethylcytosine (5hmC), which is in turn transformed to 

5-formylcytosine (5fC) and finally to 5-carboxylcytosine (5caC).  
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transcription factors binding. Second, by recruiting Methyl-CpG-binding Domain (MBD) 

proteins, which indirectly repress transcription via interaction with co-repressors that 

induce a condensed chromatin state (such as histone modifiers or chromatin remodeling 

complexes) 15. 

 
DNA methylation plays crucial roles during development, differentiation and tissue 

homeostasis. Some functions for de novo DNA methylation include: genomic imprinting, 

for ensuring monoallelic gene expression in a parent-of-origin-specific manner 16; X-

chromosome inactivation (XCI), to compensate X-linked gene dosage between sexes 17; 

germline-specific gene silencing, for the establishment of proper tissue-specific patterns 

in differentiated cell types 18;  and inactivation of repetitive genomic regions, such as 

pericentromeric, centromeric and telomeric areas and transposable elements, 

contributing to chromosomic stability 19.  

 

Finally, it is worth mentioning that cytosines are not the only modified nucleotide on the 

DNA. With the development of deep sequencing, another nucleotide, adenine, has 

recently been found to be methylated in a number of eukaryotic genomes 20–22. However, 

N6-methyladenosine (6mA) mark was already known, as it is a prevalent DNA 

modification in prokaryotes, being involved in the host’s defense system 23. Whether 6mA 

is present in the human genome is still under debate. 

 

 

Histone modifications 
 

Histones are low molecular weight and highly basic proteins that help organize DNA into 

nucleosomes, the basic units of chromatin conformation. Nucleosomes are composed of 

two subunits, every of them containing four canonical histones (H2A, H2B, H3, H4), 

wrapped around approximately 147 DNA bp. Histones are globular proteins but possess 

intrinsically unfolded N-terminal tails susceptible to being post-translationally modified. 

Histone modifications impact their interaction with DNA, affecting chromatin compaction 

level and, therefore, transcriptional activity of genes. Modifications disrupting histone-

DNA interaction cause unwinding of nucleosomes, giving rise to an ‘open’ chromatin 

state (euchromatin) that allows binding of the transcriptional machinery for gene 

expression. Conversely, modifications strengthening histone-DNA interactions give rise 

to condensed chromatin (heterochromatin), transcriptionally silent 24. Additionally, some 

modifications exert their role over the chromatin state by recruitment of chromatin factors 
25. 
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There are several histone modifications, including acetylation, methylation, 

phosphorylation, ubiquitylation, sumoylation, ADP ribosylation; being the most studied 

acetylation and methylation. Such modifications are not static, but dynamically regulated 

depending on the cellular context by a plethora of histone modifiers. Enzymes catalyzing 

the deposition of the mark onto histone tails are commonly referred to as ‘writers’, 

enzymes removing modifications, ‘erasers’, and proteins recognizing specific histone 

modifications and recruiting other molecular machineries to those sites, ‘readers’ 26. 

 

Writers of histone acetylation are called histone acetyl transferases (HATs), enzymes 

that employ Acetyl-CoA as the acetyl group donor, and catalyze its transfer to lysines (K) 

on histone tails. This modification neutralizes lysine’s positive charge, weakening the 

interaction between histones and DNA. Therefore, euchromatin is usually associated 

with high levels of histone acetylation. On the other hand, erasers of acetylation are 

called histone deacetylases (HDACs) and exert the opposite role over chromatin 

compaction 27. 

 

Regarding histone methylation, it mainly takes place on lysine and arginine amino acids, 

catalyzed by histone methyltransferases (HMTs), which employ SAM as cofactor, and it 

is removed by histone demethylases (HDMTs). Adding complexity, lysines can be mono-

, di- or trimethylated, and arginines mono-, and dimethylated, being HMTs and HDMTs 

highly specific in terms of substrate specificity and even its degree of methylation. While 

histone acetylation is normally associated with transcriptional activation, histone 

methylation does not alter histone charge and can play a dual role (activating or 

repressing gene expression), depending on the residue and its position, mainly mediated 

by reader proteins. Methylation readers usually display Chromodomains, Tudor 

domains, plant homeodomains (PHD) and PWWP domains 27. As an example, H3K4, 

H3K36 and H3K79 trimethylations are associated with transcriptional activation, while 

H3K9, H3K27 and H4K20 monomethylations are responsible for transcriptional 

repression 28. 
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Epigenetics and cancer  

As previously mentioned, cancer cells acquire several molecular alterations along their 

malignant transformation, including those affecting epigenetic mechanisms and players. 

Cancer-associated alterations in the epigenetic landscape include a global DNA 

hypomethylation together with specific hypermethylation events at promoters of tumor 

suppressor genes, genomic mutations on genes coding for histone modifiers and 

chromatin remodeling complexes, and genetic and epigenetic lesions affecting ncRNAs 

expression.  

The lower level of global DNA methylation in tumoral genomes, compared to those of 

their normal-tissue counterparts, was in fact, one of the first epigenetic alterations found 

in cancer 29. The molecular consequences are chromosomal instability, loss of imprinting, 

reactivation of transposable elements and of silenced oncogenes. As already mentioned, 

demethylation of repetitive sequences of satellite DNA can favor mitotic recombination, 

giving rise to chromosomal rearrangements, amplifications or deletions, further 

promoting tumor progression 30. Moreover, loss of genomic imprinting increases 

susceptibility to cancer. Patients of the hereditary Beckwith-Wiedemann syndrome, 

characterized by a loss of imprinting at the insulin-like growth factor 2 (IGF2) gene, suffer 

an increased risk of cancer 31 . Likewise, loss of IGF2 imprinting is a described risk factor 

for colorectal cancer (CRC) 32,33, and contributes to the development of Wilm’s tumor, a 

pediatric nephroblastoma 33. Loss of global DNA methylation in cancer cells can, 

besides, reactivate transposable elements such as LINEs and Alu sequences, whose 

retrotransposition leads to further genomic lesions potentially advantageous for the 

tumor 34. And finally, hypermethylation-mediated silenced oncogenes can get active 

upon global demethylation of the cancer genome 35,36.  

Strikingly, despite the global hypomethylation observed in tumoral genomes, the most 

common epigenetic alteration observed in cancer-related genes is their promoter 

hypermethylation. In fact, cancer-associated promoter hypermethylation is believed to 

affect between 5–10 % of CpG island-containing promoters 37,38. Examples of genes 

silenced through promoter hypermethylation are found in all regulatory pathways 

governing cell proliferation and homeostasis, in order for malignant cells to sustain their 

abnormal growth 38. Interestingly, many genes that are normally found mutated in specific 

tumor types, are also found hypermethylated in those types, highlighting the selective 

advantage that their inactivation involves during clonal selection. Some examples are  
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BRCA1 hypermethylation in breast and ovarian tumors, RB1 in retinoblastoma, and 

MLH1 in colon cancer 38.  

Mutation, translocation, amplification or deletion events on histone modifier genes are 

known to profoundly impact the epigenetic landscape during carcinogenesis. Regarding 

histone acetylation, key examples are exerted by p300 and CBP, two HATs carrying out 

acetylation at multiple positions in all the four core histones, as well as at other non- 

histone targets, being responsible for both, activating and repressing gene translation. 

Several mutations and translocations on these two genes have been reported in different 

cancer types. In leukemia, p300 is fused to MLL through a genomic translocation, which 

restricts its activity to MLL target genes, leading to a genome-wide histone 

hypoacetylation. Other tumorigenic effects derived from genetic lesions on p300 and 

CBP are caused by loss of their acetylation of p53 and BCL6, which abrogates their 

repressive roles on cell-cycle arrest and apoptosis 39. Deregulated global histone 

acetylation patterns may also be achieved by impaired HDACs expression, observed in 

multiple tumor types 39. HMTs and HDMTs are also deregulated in cancer, affecting 

global histone methylation levels. For instance, overexpression of LSD1 and EZH2 in 

prostate cancer 39. Finally, not only genetic, but an epigenetic deregulation has been 

reported to affect histone modifiers expression in cancer. Some instances are DNA 

methylation-based inactivation of the HMTs RIZ1, in several cancer types, and NSD1 in 

neuroblastoma and glioma 38.  

Chromatin remodeling complexes are also found deregulated in human cancer. For 

instance, genes coding for components of the SWI/SNF complex show loss-of-function 

mutations in more than 20% of all tumor types, being BRG1 (SMARCA4) the most 

frequently mutated subunit. Their recurrent loss in cancer evidences their tumor 

suppressive roles 40.  

Non-coding RNAs are also targets of cancer-associated deregulation, both by genetic 

and epigenetic mechanisms. An important number of micro-RNA (miRNA) genes 

undergo copy number variations (CNV) in different cancer types, either amplification or 

deletion. Some examples comprise miR-21, miR-17 and miR-155 genes, frequently 

amplified in lung cancer and B-cell lymphomas, or miR-15a and miR-16a, usually deleted 

in patients with chronic lymphocytic leukemia 40. Epigenetic mechanisms also serve for 

miRNA repression in cancer. Examples constitute promoter hypermethylation of miR- 

200 and miR-34 families of miRNAs in several tumor types, negative regulators of the 

epithelial-to-mesenchymal transition (EMT) 40.  
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Epitranscriptomics  

Technological advances, such as mass spectrometry and high-throughput sequencing, 

have allowed researchers to perform large-scale analysis of both transcriptomes and 

proteomes from different organisms. Surprisingly, comparisons between mRNA and 

protein concentrations within organisms have brought to light too low correlation 

coefficients 41. Therefore, protein abundances can only be partially explained by 

transcript concentrations, implying the existence of further regulatory mechanisms for 

protein expression. Some of these mechanisms are well established (stability and 

degradation of mRNAs, posttranslational modifications of proteins and programmed 

degradation of the proteins themselves), and some have just recently gained attention: 

RNA modifications.  

Although several research efforts during the last decade have confirmed that RNA 

molecules are decorated with over 170 different chemical modifications 42, these marks 

have been known to exist in RNA since nearly 70 years ago, with the discovery of 

pseudouridine (Ψ) in tRNA and rRNA 43,44. In fact, pseudouridine (Ψ), which is the most 

abundant RNA modification and has been termed the fifth nucleotide, was discovered 

only 7 years after the first described DNA modification (5mC) 7. However, for many 

decades RNA modifications were just considered to be static features of ‘infrastructural’ 

ncRNAs, affecting their biogenesis, stability and function, and therefore, with no direct 

role in gene expression. Curiously, not long after discovery of pseudouridine (Ψ) the first 

modifications on mRNAs were also described, including the 5’cap and the polyA tail  45,46; 

and in 1975, the first internal mRNA modification, N6-methyladenosine (m6A), was 

discovered 47.  

 

The field remained mainly unattended until 2011, when the discovery that FTO could 

demethylate m6A-modified RNAs 48 dramatically changed the static vision of RNA 

modifications. Ever since, the discovery of several machineries dedicated to dynamically 

regulate RNA modifications led to the coining of the term ‘RNA epigenetics’, and further 

on, ‘epitranscriptomics’ 49. Similar to DNA epigenetics, proteins installing RNA 

modifications are called writers, proteins removing these marks are called erasers, and 

proteins decoding the RNA chemical repertoire are called readers. Recent technological 

and methodological advances, including the development of transcriptome-wide 

sequencing techniques, have allowed to widely increase the catalog of modifications on 

mRNAs, highlighting epitranscriptomics direct implication in gene expression 49,50.  
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However, the epitranscriptomics field still faces important challenges regarding reliability 

of every new discovery, due to the low abundance of some nucleotide modifications, its 

dynamic nature, and the technical limitations of detection techniques. In fact, there are 

several examples of overestimated abundances of some chemical marks, due to high 

false-positive rates in initially reported maps 51,52. As the only way to study 

epitranscriptomic mechanisms and their phenotypic consequences is to carefully 

determine single epitranscriptomes in a reproducible manner, it is important to consider 

the inherent limitations of every detection technique.  

 

 

Best characterized RNA modifications 
 

Pseudouridine 

 

Pseudouridine (Ψ), the 5′-ribosyluracil isomer of uridine (Figure 4), was the first 

modification of RNA unraveled 43,44, and is found in all three domains of life 53. It was first 

discovered in tRNA and rRNA, and the development of transcriptome-wide Ψ-detection 

methods by coupling CMCT [N-cyclohexyl-N′-(2-morpholinoethyl)-carbodiimide metho-

p-toluenesulfonate] treatment-mediated generation of reverse transcription stops with 

primer-extension and deep sequencing, we currently know it is present in small nuclear 

RNAs (snRNAs), small Cajal Body-specific RNAs (scaRNAs), miRNAs, long non-coding 

(lncRNAs) and mRNAs 53.  

 

Pseudouridine writers can be classified into two distinct groups, based on if they carry 

out RNA-guided or RNA-independent pseudouridine isomerization. RNA-guided 

pseudouridylation is carried out by box H/ACA small ribonucleoproteins (snoRNPs), 

complexes formed by a unique box H/ACA small nucleolar RNA (snoRNA), and a core 

of four proteins (in humans, comprised by DKC1, NHP2, NOP10 and GAR1). The box 

H/ACA snoRNA, upon base-pairing interactions with the RNA substrate, demarcates the 

target uridine (U), which is further isomerized to Ψ by the catalytic activity of DKC1 53. 

Contrarily, RNA-independent pseudouridylation is carried out by single writers, named 

pseudouridine synthases (PUS), responsible for both, substrate recognition and U-to-Ψ 

isomerization 53. In eukaryotes, over fourteen PUS enzymes have been described so far 
54. Conversely, no erasers exist for this modification in mammals, where Ψ constitutes 

an irreversible mark, and no readers have been described yet. 
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Depending on the RNA specie, pseudouridine plays different biological roles. In rRNAs, 

Ψs are found in all functionally important ribosomal domains [mRNA decoding site, 

peptidyltransferase center (PTC), tRNA binding site], playing important roles in correct 

ribosome assembly and function 55. In tRNAs, Ψs can be found at the anticodon stem 

and loop, and at the D stem, involved in stabilizing tRNA tertiary structure and codon–

anticodon base-pairing 56. In mRNAs, some of the roles described for Ψs are increasing 

transcript stability under stress conditions 57, promoting stop codon read-through 53 and 

mediating nonsense-to-sense codon conversion 58. 

 

 
Figure 4. Chemical structure of some of the best characterized RNA modifications. Ψ, 
pseudouridine; Nm, ribose 2’-O-methylation; m6A, N6-methyladenosine; m1A, N1-
methyladenosine; m5C, 5-methylcytosine. 
 
 

Ribose 2’-O-methylation 

 

Ribose 2’-O-methylation (Nm) is the most widespread RNA modification, being found in 

virtually all RNA species. It consists of the addition of a methyl group to the ribose 2’-

hydroxyl moiety (-OH) of a nucleotide (Figure 4), occurring thus, in all canonical and 

non-canonical nucleotides (Am, Gm, Um, Cm, Ψm) 59. Despite ribose methylations were first 

described back in the 60’s 60, their study remained hampered for several decades due to 

the challenges in mapping this mark 61.    

 

Similar to pseudouridylation, writers of 2’- O-methylations fall into two groups based on 

their dependency on RNA guidance, although all of them make use of SAM as the 

methyl-donor. RNA-guided 2’-O-methylation is carried out by box C/D small 

ribonucleoproteins (snoRNPs). The RNA responsible for substrate recognition consist of 

either a box C/D snoRNA, for rRNA and tRNA methylation, or a scaRNA for methylation 

of snRNAs in Cajal bodies 62. The protein core of snoRNPs for 2’-O-methylation is 

comprised by FBL, the catalytic unit; SNU13, for RNA binding, and NOP56 and NOP58 
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as scaffold proteins 62. Most mRNAs, miRNAs, piwi RNAs (piRNAs), some tRNAs and 

all bacterial rRNA and tRNAs, are in turn, 2’-O-methylated by single writers 63,64.  

 

2′-O-methylation, is, together with pseudouridine, the most abundant modification in 

rRNA. The number of Nm residues increases with evolutionary complexity, from around 

10 Nm in E. coli, to more than 100 in human rRNA. They are located in functionally 

important domains of the ribosome, such as the PTC and the mRNA decoding center, 

which underscore their importance for correct translation 65. Other functions attributed to 

this RNA modification are regulation of RNA stability and mRNA splicing, and mediating 

innate immune response 66. 

 

N6-methyladenosine 

 

N6-methyladenosine (m6A) is the best understood and most abundant internal 

modification in mRNAs, present from viruses to higher mammals (Figure 4). Quantitative 

approaches suggest that around 0.2–0.6% of all mRNA adenines are N6-methylated, 

which results in approximately 1–5 m6As per mRNA 67. However, high-throughput 

sequencing methods have proven its presence in ncRNAs such as rRNAs, miRNAs, 

lncRNAs, and circular RNAs (circRNAs) 68. m6A distribution, rather than random, is 

enriched near stop codons and at 3′ untranslated regions (3′UTRs), but also found within 

long exons, introns, and at 5′ untranslated regions (5’UTRs) 69–71. 

 

This RNA modification is dynamically and reversibly regulated by an expanding plethora 

of writers, readers and erasers. m6A deposition is carried out by a multicomponent writer 

complex, composed of METTL3, the SAM-dependent catalytic unit; METTL14, 

responsible for substrate recognition, and a number of adapter proteins (RBM15, WTAP, 

KIAA1429, ZC3H13), responsible for complex recruitment and formation at the target 

site 72. And more recently, a single enzyme, METTL16, has been described as a m6A 

methyltransferase in human cells 73. Regarding erasers, so far two m6A demethylases 

have been identified: FTO and ALKBH5, both members of the nonheme Fe (II)/α-

ketoglutarate-dependent (AlkB) family of dioxygenases 72. Finally, several binding 

proteins have been proposed to decode m6A RNA modifications. Some m6A readers 

contain the YTH RNA binding domain, including YTHDC1 and YTHDC2, and YTHDF1, 

YTHDF2 and YTHDF3. Other families of m6A readers are comprised by insulin-like 

growth factor RNA binding proteins (IGF2BP1, IGF2BP2, and IGF2BP3), heterogeneous 

nuclear ribonucleoproteins (HNRNPC and HNRNPA2/B1), and single readers like eIF3 

or PRRC2A 72. 
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m6A biological role depends on the reader decoding it, through a m6A-interaction 

dependent manner. For example, YTHDC proteins, mainly found in the nucleus, mediate 

pre-mRNA alternative splicing and mRNA export to the cytoplasm 74,75. The YTHDF 

family, however, is predominant in the cytoplasm and differently regulates the fate of 

m6A-modified mRNAs. While YTHDF1 and YTHDF3 increase mRNA translational 

efficiency 76, YTHDF2 promotes mRNA decay through the CCR4-NOT deadenylase 

complex 77. Another m6A reader involved in translation efficiency is eIF3, which increases 

translation of 5’UTR m6A-modified mRNAs through a cap-independent manner  71. 

Similar to mRNAs, m6A readers affect several aspects of ncRNA life cycles such as 

processing and maturation, location, stability or degradation. Just an example is the 

HNRNP family involvement in processing of precursor miRNAs 78. 

 

N1-methyladenosine 

 

N1-methyladenosine (m1A) RNA modification (Figure 4) was originally detected in 1961 
79, and so far, has been found in cytoplasmic and mitochondrial tRNAs (mt-tRNAs), 

rRNAs and nuclear- and mitochondrial-encoded mRNAs 80. m1A is quite abundant in 

tRNAs from all three domains of life, where can appear at positions 9, 14, 22, 57 and 58 

of cytoplasmic molecules, and at 9 and 58 in mt-tRNAs 81. These tRNA methylations are 

described to increase tRNA structural stability and induce tRNA correct folding. Contrary 

to the high abundance of m1A modifications in tRNAs, m1A is only present on mammalian 

mRNAs at a limited number of sites, and at many of them, at a low stoichiometry 82. The 

presence of this methyl group on mRNAs prevents the effective translation of modified 

codons as it disrupts normal Watson-Crick base pairing 83. 

 

m1A writers belong to either the Rossman-fold (RFM) or the SPOUT superfamily of 

methyltransferases, and they all use SAM as the methyl donor. In human, two members 

of the RFM family, TRMT61A and TRMT6, are responsible for establishing m1A at the 

58 position of cytoplasmic and mitochondrial tRNAs 84,85, and one member of the SPOUT 

family, TRMT10C, catalyzes m1A at mt-mRNAs, and at position 9 of mt-tRNAs 83. 

Regarding erasers, similar to m6A, two members of the nonheme Fe (II)/α-ketoglutarate-

dependent (AlkB) family of dioxygenases have been shown to demethylate m1A: 

ALKBH1 and ALKBH3 86,87. No m1A readers have been described so far.  
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5-methylcytosine 
 

5-methylcytosine (m5C) is one of the common modifications between DNA and RNA 

(Figure 4), whose presence in RNA was postulated only 8 years after its discovery in 

DNA 7,88. Although m5C presence in mRNA was found relatively soon after 89, its low 

prevalence in this RNA specie is the reason why most of our current knowledge about 

m5C RNA methylations derives from studies on tRNA and rRNA. While the emergence 

of transcriptome-wide m5C-mapping techniques was thought to come fill the research 

gap, the reality is that many independent studies have proposed substantially different 

results regarding abundance and presence of m5C in mammalian mRNAs 90–92. Current 

data suggest the presence of m5C in several hundreds of mRNAs per tissue, the majority 

at low stoichiometries 93.  

 

Obtaining precise m5C maps, thus, has shown to be challenging. Error sources can be 

found at many levels, ranging from the biology of the RNA molecule itself, to the 

experimental approach and the data analysis method. 
 

 

Methods for detecting 5-methylcytosine RNA methylation 
 

Current methods for detecting m5C RNA methylation in a transcriptome-wide manner 

can be first classified into two major groups: techniques not allowing to inform about the 

location of the methyl group within the molecule sequence, and those allowing site-

specific determination. The first group mainly consist of chromatography-based 

methods, especially liquid chromatography (LC), alone or in combination with mass 

spectrometry (MS). LC-MS methods are highly accurate, quantitative and sensitive, 

allowing for detection of RNA modifications in the femto- to attomol range 51,94. However, 

the drawback of these approaches is that they lose sequence information, as they require 

enzymatic digestion of the RNA to single nucleotides. On the other hand, techniques 

providing sequence context of the m5C mark can be further classified into antibody-

based, and antibody-free methods (Figure 5) and depend on high-throughput 

sequencing.  
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Antibody-based methods for m5C detection 
 

meRIP-seq 

 

Methylated-RNA-immunoprecipitation (meRIP-seq) relies on RNA immunoprecipitation 

(RIP) using an antibody that recognizes the modified nucleotide and is followed by 

massive sequencing of the retrieved RNA (Figure 5). It was firstly developed in 2012 to 

identify the human and mouse m6A methylomes using a specific anti-m6A antibody 68, 

and the use of an antibody against m5C has already allowed to detect m5C-modified 

transcripts across the three domains of life 95. The major caveat of this technique is its 

dependency on antibody specificity, as antibody cross-reactivity accounts for the main 

reason of false-positive results.  

 

AZA-IP and miCLIP 

 

While meRIP-seq detect m5C-modified transcripts without the need to know the 

responsible methyltransferase enzyme, miCLIP and AZA-IP methods are mechanism-

based techniques. They take advantage of the catalytic mechanism of RNA 

methyltransferases (RNA-MTs), which includes a transient covalent linkage between the 

methyltransferase and the target cytosine. AZA-IP makes use of an RNA-MT suicide 

inhibitor, 5-azacytidine, which locks the enzyme into an enzyme-substrate covalent 

adduct during the catalysis, preventing its release. Then, an antibody against the RNA-

MT is used to immunoprecipitate the protein covalently bound to the target RNA, 

subsequently sequenced (Figure 5) 96. This technique determines the exact target site 

of the m5C RNA-MT as AZA-IP leaves a C>G transversion at the target cytosine. 

However, it has some limitations: detection of C>G transversion is not quantitative, and 

its sensitivity is limited, as 5-azacytidine is toxic and cells should not be treated for long 

periods, reducing its probability to be incorporated, especially for low-abundant RNAs. 

 

Methylation individual-nucleotide-resolution cross-linking and immmunoprecipitation 

(miCLIP) makes use, instead of 5-azacytidine, of a point-mutated RNA-MT at the 

cysteine responsible for releasing the enzyme from the target RNA, resulting in the same 

covalently linked RNA-enzyme adduct. Then, similarly to AZA-IP, the RNA-MT is 

immunoprecipitated and the bound RNA is subjected to deep sequencing (Figure 5) 97. 

As it depends on the overexpression of a mutant m5C RNA-MT, drawbacks of this 

technique include artifacts in the methylation pattern assessed.  
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Antibody-free methods for m5C detection 
 

bsRNA-seq 

 

Bisulfite sequencing was first developed in 1994 to study cytosine methylation in DNA 
98. The principle behind this technique is the fact that cytosine and 5-methylcytosine 

nucleotides react differently to an acidic sodium bisulfite solution. Cytosines react with 

bisulfite ions (HSO3
-) in acidic pH conditions through deamination and formation of uracil-

sulfonates, which under basic pH conditions turn into uracils (U). However, m5Cs are 

refractory to this deamination and remain as Cs. Sanger sequencing then allow 

discriminating between methylated and non-methylated cytosines, by detecting C-to-U 

conversions of non-methylated Cs. However, due to the harsh reaction conditions 

(efficient denaturation of DNA is performed at 95°C, in alkaline pH conditions), this 

method was not applied to RNA until 2009, when Schäfer et al. obtained an efficient RNA 

bisulfite conversion without RNA degradation by lowering denaturing temperatures and 

increasing incubation times (Figure 5) 99. This method allows a quantitative 

determination of the degree of methylation of the cytosine in RNA molecules, unlike all 

previously described methods with sequence conservation. However, its bigger 

drawback is bisulfite ions refractoriness to react with double-stranded molecules. 

Therefore, complete denaturation of complex RNA secondary structures is crucial in 

order to achieve complete conversion of all non-methylated cytosines, as incomplete 

conversion results in false positives.  

 

Nanopore sequencing  

 

High-throughput sequencing-based approaches are indirect methods to detect RNA 

modifications, due to requirement for cDNA conversion and subsequently amplification 

of the material, which makes them sensitive to PCR artifacts and biases. Development 

of third generation sequencing technologies, for direct RNA sequencing will revolutionize 

the epitranscriptomics field.  

 

One example is the platform developed by Oxford Nanopore Technologies (ONT) for 

direct RNA sequencing. It consists of a membrane with thousands of embedded protein 

nanopores immersed in an ionic solution, and upon voltage application, an ionic current 

is created that passes through the nanopore and is measured by a sensor (Figure 5). 

When an RNA molecule traverses the pore, it causes specific disruptions in the current 

that make possible to establish its nucleotide sequence, and even if those nucleotides 
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are modified. Therefore, ONT enables RNA modifications detection with minimal sample 

manipulation, at single nucleotide resolution and in a quantitative manner. Since its 

release in 2014, ONT has proven able to undoubtedly detect some RNA modifications, 

including m5C 100,101. However, this technology still holds some challenges in its way to 

virtually detect all RNA modifications, related to the interpretation of raw signals for 

proper base calling. Accurate base-calling algorithms require training with highly 

modified datasets, or the use of in vitro synthesized RNA templates 102.   

 

 

m5C writers 
 

m5C modifications in RNA are carried out by members of the NOL1/NOP2/SUN domain 

(NSUN) family of proteins, which in humans is comprised by seven enzymes (NSUN1-

7) and, out of this family, by the DNA methyltransferase homologue DNMT2 (also called 

TRMT1). NSUN enzymes are SAM-dependent methyltransferases characterized by the 

presence of an RNA-recognition motif (RRM), the catalytic domain and a RFM core that 

binds the SAM cofactor. Mechanistically, NSUN proteins make use of two cysteines at 

the active site, one for covalently binding the target cytosine, enabling the transfer of the 

methyl group from the SAM cofactor, and the other to facilitate the release of the 

covalently-bound methylated RNA from the protein. However, DNMT2 resembles more 

DNA methyltransferases and uses a single catalytic cysteine 103.  

 

In the last decades, target RNAs for each of these methyltransferases have been 

identified, and the list is endlessly growing (Figure 6). Molecular and functional 

characterization of their activities and those of their methylated targets have proven 

important roles at all levels of gene expression. And importantly, it has enabled a better 

understanding of several diseases bearing mutations or expression changes of m5C 

RNA methyltransferases. 

 

NSUN1 

 

This m5C RNA methyltransferase, as well as NSUN2 and NSUN5 (further discussed) are 

highly conserved throughout unicellular and multicellular eukaryotes. Human NSUN1 

(primarily called P120 and later NOL1) localizes to nucleolus (Figure 6), and its 

expression depends on the cell cycle stage, being highly expressed during late G1 and 

S phases 104. NSUN1 expression was described to be associated with active cell 
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NSUN2 

 

Unlike other members of the NSUN family, displaying limited and mainly evolutionary 

conserved substrate specificity, NSUN2 shows a marked substrate promiscuity, and 

even within same substrates, target promiscuity. NSUN2 was primarily described to 

methylate tRNAs, but further research has demonstrated its role in m5C methylating 

mRNAs, rRNA, ncRNAs, and mt-tRNAs (Table 1). NSUN2 subcellular location varies 

along cell cycle: at G1 is found at the nucleolus, at the S phase at the nucleoplasm, and 

later, during mitosis is found in the cytoplasm, at the centrioles, associated to the mitotic 

spindle 111. Recently, NSUN2 was shown to be imported into the mitochondrial matrix, 

for deposition of m5C onto mitochondrial-encoded tRNAs 112,113 (Figure 6). tRNA 

methylation by NSUN2 occurs mainly at two tRNA regions: the anticodon loop (C34) and 

the variable loop (C47, C48, C49, C50) (Figure 7) (Table 1). m5C at cytosines on the 

variable loop has proven to play a role in angiogenin-mediated response to cellular 

stress. Under stress, the ribonuclease angiogenin carries out endonucleolytic cleavage 

of tRNAs giving rise to 5′ tRNA-derived small RNA fragments (TRFs), whose 

accumulation represses protein translation and activates stress-resistance pathways. 

NSUN2-mediated deposition of m5C prevents angiogenin cleavage of tRNAs 114. 

Regarding NSUN2-mediated methylation of mRNAs, it can take place at any location 

along the transcript (5’UTR, CDS, 3’UTR) but within a clear consensus sequence 

(CNGGG), and it is involved in transcript stability and translational efficiency 92,115. ncRNA 

targets of NSUN2 exert widely different biological functions, including processing of other 

ncRNAs [RPPH1 and RNY1, components of ribonucleases; SCARNA2, for processing 

of scaRNA, needed for 2’-O-methylation of RNAs in Cajal bodies (see 2’-O-methylation), 

translation (5S rRNA), or epidermal differentiation (VTRNAs, components of the Vault 

complex 116 (Table 1). NSUN2 broad target spectrum can explain the diversity of 

phenotypes observed upon mutations or NSUN2 gene expression changes, ranging 

from cancer (further discussed) to neurodevelopmental, vascular and autoimmune 

diseases 117–120.  

 

NSUN3 

 

NSUN3 is a nuclear-encoded mitochondrial tRNA methyltransferase (Figure 6). 

Although many components of the oxidative phosphorylation (OXPHOS) system are 

encoded and transcribed from the mitochondrial genome, their translation requires 

various nuclear-encoded proteins, including NSUN3. NSUN3 has been described to 

deposit m5C at position 34 (the wobble position of the anticodon) (Figure 7) of the mt-
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the small mitochondrial ribosomal subunit (mt-SSU) 126 (Table 1). Moreover, NSUN4 

forms a heterodimeric complex with the mitochondrial transcription terminator factor 

MTERF4 and is recruited to the large mitochondrial ribosomal subunit (mt-LSU), where 

it participates in correct ribosomal biogenesis through assembly of both the mt-SSU and 

the mt-LSU into a monosome 126,127.  

 

NSUN5 

 

NSUN5 is, as NSUN1, a nucleolus-located rRNA methyltransferase highly conserved 

across eukaryotes 103 (Figure 6). Although its human target cytosines have not been 

formally described yet, Rcm1 (S. cerevisiae orthologue) and nsun-5 (C. elegans 

orthologue) are responsible for m5C methylating the C2278 and the C2381 of 25S and 

26S rRNAs, respectively 107,128. 25S rRNA m5C2278 has shown to play a role in stress 

resistance, with its loss, due to deletion of Rcm1, leading to an increased translation of 

stress-response mRNAs, such as those coding for cell cycle regulators or DNA repair 

components 128. Moreover, NSUN5-orthologues depletion in yeasts, worms, and flies 

increases their lifespan under dietary restriction, seemingly due to a higher oxidative 

stress resistance 128. In humans, the NSUN5 gene is located in a large chromosomal 

region deleted in patients with Williams-Beuren syndrome, a rare multisystemic disorder 

characterized by mental retardation 129, suggesting NSUN5 contribution to the disease 

phenotype. Moreover, mice lacking Nsun5 have been described to show agenesis of the 

corpus callosum (CC), the structure that connects the left and right hemispheres of the 

brain; hypomyelination of CC axons, disrupted development of oligodendrocyte 

precursor cells (OPC) leading to cognitive defects, and disrupted development of 

cerebral cortex 130–132. 

 

NSUN6 

 

Although modification of tRNAs takes place mainly at early stages of their biogenesis, 

while they still remain in the nucleus, NSUN6 is a tRNA methyltransferase located in the 

cytoplasm, carrying out tRNA modification at late biogenesis stages (Figure 6).  It was 

described to catalyze m5C at the position 72 (at the acceptor stem) (Figure 7) of tRNA 

Thr and tRNA Cys 133, requiring their tRNA substrates full-lengthen and well-folded for 

proper recognition 134. Surprisingly, in 2020 two independent research groups reported 

NSUN6-mediated m5C methylation of mRNAs, in a sequence motif dependent-manner 

(CTCCA) 135,136 (Table 1). m5Cs deposited by NSUN6 are proposed to be enriched at 

3’UTR regions, and mediate transcript stability and stop codon read-through 136. 
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Table 1. Overview of described targets for the human m5C RNA methyltransferases. 

Writer 
Subcellular 
localization 

RNA specie Target RNA 
Target 

site 
Ref 

NSUN1 Nucleolus rRNA 28S m5C4447* 107,110 

NSUN2 Variable 

tRNA 
pre-tRNA Leu 

(CAA) 

m5C34                         

m5C48 
137,138 

tRNA 
tRNA Leu 

(CAA) 

m5C34                         

m5C48 
90,138 

tRNA 
tRNA Asp 

(GUC) 

m5C47                              

m5C48 
90 

mRNA CINP m5C748 90 

mRNA NAPRT1 m5C779 90 

ncRNA RPPH1 m5C174 90,97 

tRNA 
tRNA Gly 

(GCC) 

m5C48                              

m5C49                        

m5C50 

138 

rRNA 5S m5C92 97,139 

ncRNA VTRNA1-1 m5C69 97,139 

ncRNA VTRNA1-3 
m5C27                           

m5C59 
97,139 

ncRNA VTRNA2-1 m5C37 139 

ncRNA SCARNA2 m5C316 139 

ncRNA RNY1 m5C64 139 

ncRNA 7SL RNA m5C257 139 

mRNA CDK1 m5C1733 140 

mRNA p27 m5C64 141 

mRNA ICAM-1 various 119 

mRNA SHC various 142 

mRNA p21 m5C2079 143 

mRNA IL-17A m5C466 144 

mRNA HDGF - 145 

mt-tRNA mt-tRNA Tyr m5C48 112,113 

mt-tRNA mt-tRNA His m5C48 112,113 

mt-tRNA 
mt-tRNA Leu 

(UUR) 
m5C48 112,113 

mt-tRNA mt-tRNA Phe m5C48 112,113 
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mt-tRNA mt-tRNA Glu m5C49 112,113 

mt-tRNA 
mt-tRNA 

Ser(AGY) 

m5C48                              

m5C49                        

m5C50 

112,113 

  mRNA ATX m5C2756 146 

NSUN3 Mitochondria mt-tRNA mt-tRNA Met m5C34 121–123 

NSUN4 Mitochondria mt-rRNA mt-12S m5C841** 103,126 

NSUN6 Cytoplasm 

tRNA tRNA Thr m5C72 133 

tRNA tRNA Cys m5C72 133 

mRNA various various 135,136 

DNMT2 Cytoplasm tRNA tRNA Asp m5C38 147 

Footnote: rRNA, ribosomal RNA; tRNA, transfer RNA; mt-tRNA, mitochondrial tRNA; eRNA; 
ncRNA, non-coding RNA; mRNA, messenger RNA. *by analogy to yeast; **by analogy to mouse. 
 

 

NSUN7 

 

NSUN7 is the least studied member of the NSUN family. NSUN7 expression has been 

shown to be specially enriched in spermatocytes and spermatids 148, where it is thought 

to play a role in sperm motility, as point mutations in its gene lead to reduced sperm 

motility and consequent infertility in mice, and are found in asthenospermic men 149–152. 

Only recently a catalytic activity for this methyltransferase has been deciphered in mouse 

cells, to methylate enhancer RNAs (eRNA) 153, short ncRNAs transcribed from 

enhancers and involved in transcriptional regulation (Figure 6). Nsun7 was described to 

interact with the transcriptional coactivator PGC-1α and colocalize at its target genes, 

where Nsun7 promotes target gene expression through m5C methylation of their cognate 

eRNAs 153. However, no catalytic activity for this m5C RNA methyltransferase has been 

described in humans yet.  

 

DNMT2 

 

DNMT2 was initially proposed to be a DNA methyltransferase, as it shows sequence and 

structural similarities to those enzymes. However, depletion of Dnmt2 in different model 

organisms showed unaltered DNA methylomes, and besides, it mainly localizes to the 

cytoplasm 154. Soon after, DNMT2 was described to catalyze the transfer of a methyl 
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group onto the C38 position (at the anticodon loop) (Figure 7) of tRNA Asp 147. This 

methyl group is proposed to play two roles. First, it prevents the endonucleolytic cleavage 

of angiogenin to TRFs, similar to what occurs to NSUN2-methylated tRNAs, suggesting 

a role for DNMT2 in stress resistance 155. And secondly, it increases tRNA affinity 

towards the aspartyl-tRNA synthetase, enhancing aminoacylation efficiency, which in 

turns enhances translation of poly-Asp-containing transcripts. In human, many poly-Asp-

containing proteins are described to localize to the nucleus and participate in gene 

expression regulation 156. 

 

 

m5C readers 
 

To date, only two proteins have been described to bind m5C-modified RNAs: the nuclear 

export factor ALYREF, and the RNA-binding protein YBX1. ALYREF has been proposed 

to preferentially export m5C-modified mature mRNAs to the cytoplasm 157, and YBX1 to 

increase the stability of its bound m5C-modified mRNAs by recruiting the RNA-binding 

protein ELAVL1 145. ELAVL1 is a member of the ELAVL family of mRNA-binding proteins 

that selectively binds AU-rich elements (AREs) in 3’UTR regions. These elements 

usually target mRNAs for degradation, but binding of ELAVL proteins stabilizes the 

mRNAs, avoiding their degradation 158,159. 

 

 

m5C erasers 
 
While m5C writers have been profoundly characterized in recent decades, the existence 

of m5C erasers is still under debate, as 5-hydroxymethylcytosine (hm5C) has been 

reported in RNA by MS bulk analyses 160, but no precise sites have been mapped yet in 

the transcriptome. So far, some researchers have observed that m5C RNA modifications 

can be oxidized to hm5C by members of the TET family in vitro 161, but if they catalyze 

hm5C formation in vivo, and if this modification and its subsequent derivatives exert any 

biological function is still unknown. The only enzyme demonstrated to carry out a m5C 

erasing role is ALKBH1, that apart from demethylating m1A, is described to sequentially 

oxidize m5C34 on the mt-tRNA Met (catalyzed by NSUN3) to 5-formylcytidine (f5C) 123, 

whose role has been explained above (see NSUN3). 
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Role of m5C RNA modification in cancer  
 

Although the precise molecular and biological functions of the majority of m5C-related 

modifiers are still poorly understood, protein expression alteration of these 

epitranscriptomic regulators are linked to a wide range of human diseases, many of them 

already depicted in the previous section. Regarding cancer, there is growing evidence of 

the contribution of an aberrant m5C epitranscriptome to the tumorigenesis process.  

 

NSUN1 overexpression was first shown to increase proliferation of mouse fibroblasts 162, 

being soon afterwards described to be a valuable proliferation biomarker 163. Since then, 

it has been found upregulated in lung, breast, and prostate cancer, correlating with 

decreased patient survival 164–166. A proposed mechanism for NSUN1 role in cell 

proliferation involves its contribution to cyclin D1 transcription. NSUN1 interacts with the 

T-cell factor (TCF)-binding element of the cyclin D1 promoter, and recruits the 

telomerase by interaction with the telomerase RNA component (TERC), activating cyclin 

D1 transcription 106. However, if NSUN1 m5C-catalytic activity of rRNA is also involved in 

its tumorigenic role remains to be established. 

 

The NSUN2 gene has been shown to undergo different genomic mutations leading to 

expression alterations linked to several cancer types, including breast, skin, colon, head 

and neck, gastric and bladder cancer 167–169. Moreover, NSUN2 has been described as 

a downstream target of MYC oncogene 111. As already depicted, initial research into 

NSUN2 role showed that it was required for the stability of the mitotic spindle, with 

NSUN2 overexpression in cancer leading to aberrant mitosis 111, although in a 

methylation-independent manner. However, recent research works have proven that 

NSUN2 methyltransferase activity promotes tumorigenesis, in a tissue and context-

dependent manner. For instance, NSUN2-mediated mRNA methylation enhances the 

translation of CDK1 and p21 proteins, promoting cell proliferation in different tumors 
140,143. Also, NSUN2 methylation of the autotaxin (ATX) mRNA promotes glioma cell 

migration 146, and its 3’UTR methylation of the heparin-binding growth factor (HDGF) 

mRNA favors bladder cancer progression 145. However, while these studies focus on the 

carcinogenic role of tissue-specific methylation of single transcripts, they do not consider 

the conserved role of NSUN2 in methylating tRNAs. Hence, it is not clear if NSUN2 role 

in cancer is actually exclusively mediated by m5C modification on mRNA. In fact, NSUN2-

mediated tRNA methylation has been proposed to exert a role in tumorigenesis. It has 

been shown that loss of NSUN2 in cancer cells leads to hypomethylated tRNAs that are 

more sensitive to the catalytic cleavage of the ribonuclease angiogenin, resulting in 
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accumulation of TRFs 114. Growing evidence suggest that biogenesis of TRFs is 

enhanced under stress conditions, and is commonly found in cancer 170. The 

accumulation of TRFs can reprogram translation to promote the expression of stress 

response pathways and decrease those of differentiation pathways 171. Indeed, Nsun2 

deficiency in mouse cells demonstrated to block cells in a proliferative and 

undifferentiated state necessary for self-renewal of tissue or tumor stem cells 172. 

However, this state made cells more sensitive to chemotherapeutics such as cisplatin 

and 5-FU, which could be rescued by treatment with angiogenin inhibitors 172. Further 

data supporting tRNA methylation involvement in cell responses is the finding that Dnmt2 

deletion in mice and Drosophila leads to defects in stress responses and differentiation 
155,173. These studies, therefore, show how cancer cells require controlling tRNA 

methylation, tRNA biogenesis and protein synthesis for stress responses and survival. 

 

Regarding DNMT2, it shows altered expression in different cancer types 174. Moreover, 

more than 60 DNMT2 somatic mutations have been identified in tumors, some of them 

strongly affecting DNMT2 methyltransferase activity, which supports the functional role 

for a deregulated m5C tRNA methylation in tumorigenesis 175. 

 

NSUN3 has been proposed to help modulate chromatin organization and 5-azacytidine 

response in leukemia. Mechanistically, NSUN3 binds the RNA-binding protein hnRNPK, 

which interacts with lineage-determining TFs that recruit RNA polymerase II into nascent 

RNA, forming 5-azacytidine-sensitive chromatin structures 176. 

 

Regarding NSUN4, a genome-wide meta-analysis reported its gene to be a risk locus for 

the development of breast, ovarian and prostate cancer 177. In addition, NSUN4 

constitutes a prognostic biomarker in hepatocellular carcinoma (HCC), being its 

expression negatively correlated with patient survival 178. 

 

NSUN6 has been described as a prognostic biomarker of different cancer types as well. 

It was found downregulated in different tumors, where NSUN6 higher expression was 

associated with better clinical outcome 136. Moreover, another study supported NSUN6 

tumor suppressive role by demonstrating that NSUN6 inhibits development of pancreatic 

cancer (PC) by regulating cell proliferation, potentially through CDK10 expression 

modulation 179. However, if CDK10 modulation is achieved by an RNA methylation-

mediated mechanism remains unexplored.  
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The m5C reader protein ALYREF shows altered expression in various tumor types, with 

prognostic value 180. In bladder cancer, ALYREF promotes tumor growth by contributing 

to the Warburg effect through enhancing PKM2-mediated glycolysis. ALYREF binds to 

m5C-modified PKM2 mRNAs, increasing their stability and, thus, upregulating PKM2 

protein expression 181. 

 

The second described m5C reader, YBX1, is also reported to exert an oncogenic role in 

bladder cancer, in a m5C-dependent manner as well. Mechanistically, YBX1 increases 

the stability of the NSUN2-methylated HDGF mRNA through recruitment of the ARE 

element-binding protein ELAVL1 (see m5C readers section)  145.  

 

Finally, genomic mutations at the m5C eraser ALKBH1 have been proposed to increase 

susceptibility to childhood acute lymphoblastic leukemia (ALL) 182. 
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HYPHOTESIS AND OBJECTIVES 
 

Hypothesis 
 

Epitranscriptomics, the emerging field studying biochemical modifications of RNA, has 

experienced an upgrowth boost in the last decade as a result of modern technological 

and methodological approaches, especially the development of transcriptome-wide 

sequencing techniques. This has led to an enormous map of post-transcriptional RNA 

marks that have been proven essential for normal cell fate and development. Importantly, 

this scientific interest has also discovered aberrant epitranscriptomes associated with 

several human diseases, including cancer. Growing scientific evidence exposes 

epitranscriptomics dysregulation in cancer, mainly by genetic mutations and aberrant 

expression of epitranscriptomic enzymes 183,184. However, no epigenetic mechanisms 

affecting the expression of epitranscriptomic players had been described in cancer by 

the time this thesis started. As epigenetics represents an essential facet for achieving 

malignant transformation 38,185,186, and several recent data point out that an altered 

epitranscriptome contribute to tumorigenesis, we hypothesized that “there could be 

epigenetic mechanisms affecting the expression of epitranscriptomic enzymes in 

cancer”.  

Since the RNA modification repertoire comprises more than 170 biochemical marks 42, 

we decided to focus our first dive into the epitranscriptomic field on a mark already 

familiar to the laboratory, 5-methylcytosine.  As already depicted, (see Introduction 

chapter) mounting evidence begins to show the contribution of aberrantly deposited and 

decoded m5C marks to the tumorigenesis process. We, thus, sought to find tumor-

associated epigenetic alterations giving rise to m5C RNA modification defects. We found 

interesting to explore how these defects could participate in tumor biology, how they 

could correlate with the outcome of the disease, and to evaluate their suitability to be 

targeted by novel therapeutic approaches.  
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Objectives 
 

The general aim of this thesis is to identify and characterize if there are DNA methylation 

patterns giving rise to cancer-related m5C RNA modification defects, potentially 

promoting malignant transformation and tumor progression. For this aim, the following 

specific objectives are proposed: 

 
1. To determine if there is any m5C RNA-related enzyme that is epigenetically lost 

in cancer by DNA promoter hypermethylation. 
 

2. To select a candidate gene of interest and experimentally validate its epigenetic 

silencing in cancer.  

 

3. To characterize the cellular implications of the observed epigenetic lesion in vitro, 

in cancer cell line models resulting from the depletion or the recovery of the 

enzyme of interest, and in vivo, in murine models. 

 

4. To identify and validate target RNAs whose m5C methylation pattern is altered as 

a consequence of the gene of interest silencing in cancer. 

 

5. To test whether the methylation status of the selected gene may be valuable as 

a biomarker in clinical management, as well as to assess its potential as putative 

druggable target for cancer treatment. 

 

  



 

 

 
 

 
 
 
 
 
 
 

MATERIALS AND METHODS 
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MATERIALS AND METHODS 
 

All the below explained methods describe the standard procedures carried out in both 

studies unless otherwise specified.  

 

Human cell lines and tissues 
 

Study I 

Human glioblastoma cell lines were purchased from the American Type Culture 

Collection (ATCC) (DBTRG-05MG, MO59J, A172 and LN229); the Biological Bank of the 

IRCCS Azienda Ospedaliera Universitaria San Martino (CAS-1) and the Japanese 

Collection of Research Bioresources (JCRB) Cell Bank (KS-1). Cell lines were cultured 

in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (v/v) fetal 

bovine serum (FBS) (Innovative), and 1% v/v penicillin/streptomycin (Gibco). Human 

grade III glioma cell lines were purchased from the ATCC (SW1088 and BT142 mut/-) 

and from Sigma-Aldrich (MOG-G-CCM). SW1088 cell line was cultured in Leibovitz's L-

15 medium (LGC Standards), BT142 mut/- was cultured in NeuroCult TM NS-A 

proliferation kit (Stem Cell Technologies), and MOG-G-CCM in Ham's F-10 Nutrient mix 

(Life Technologies). All the aforementioned cell lines were maintained at 37ºC in an 

atmosphere of 5% (v/v) carbon dioxide, and regularly tested for the absence of 

mycoplasma. Human astrocytes were purchased from Innoprot and maintained in culture 

for a limited number of passages in poly-L-lysine-coated plates. Brain white matter 

samples were kindly provided by Raul Delgado (IDIBELL, Barcelona, Spain).  

 

 

Study II 

 

Human HCC cell lines were purchased from the ATCC (HEP3B2-1-7, SNU-475, SNU-

387 and SNU-423); the JCRB Cell Bank (HUH-7) and the SNU-398 cell line was kindly 

provided by Dr.Josep M.Llovet (Icahn School of Medicine at Mount Sinai, New York, 

USA, and IDIBAPS-Hospital Clínic, Barcelona, Spain). Cell lines were cultured in 

Roswell Park Memorial Institute (RPMI) medium supplemented with 10% (v/v) fetal 

bovine serum (FBS) (Innovative), and 1% v/v penicillin/streptomycin (Gibco). Human 

liver samples were kindly provided by Dr. Alberto Villanueva (IDIBELL, Barcelona, 

Spain).  
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DNA Methylation Analyses 
 

The methylation status of 5’-end promoter-associated CpG islands of candidate genes 

was determined by DNA Methylation microarrays and validated through bisulfite 

sequencing PCR (BSP) and/or bisulfite pyrosequencing. 

 

DNA extraction 

DNA was extracted from cell pellets firstly by overnight incubation with lysis buffer (10 

mM Tris pH 8, 5 mM EDTA, 100 mM NaCl, 1% SDS, 10 mg/ml proteinase K) at 37°C. 

Then, 5M NaCl was added to cell lysates, and samples were centrifuged 15 minutes at 

4,000 RPM. Upper phases were collected, and DNA was precipitated by isopropanol 

addition. DNA was washed with 70% ethanol, air-dried and resuspended in water. DNA 

concentration was measured by Nanodrop. 

 

DNA Bisulfite conversion 
 

Genomic DNA was bisulfite converted using the EZ DNA Methylation-Gold kit (Zymo 

Research) following manufacturer’s instructions.  Bisulfite treatment converts 

unmethylated cytosines into uracil, whereas methylated cytosines remain unchanged.  

 

DNA methylation arrays 

Genome-wide promoter methylation status was determined either using the 

HumanMethylation450 Beadchip (450K) or Infinium MethylationEPIC BeadChip (EPIC) 

(Illumina). In both cases, bisulfite converted DNA was used for hybridization onto the 

beadchip. Briefly, samples were whole-genome amplified, enzymatically fragmented, 

and hybridized onto the beadchip for 16 hours at 48ºC. Single nucleotide extension with 

differentially labelled dideoxynucleotides (ddNTPs) was performed, and ddNTPs were 

next differentiated by incubation with fluorescence labelled antibodies. Raw fluorescence 

intensity values were normalized with Illumina Genome Studio software, and used to 

calculate DNA methylation levels (β-values). β-values should range from 0 to 1. By 

consensus, a promoter region is considered to be hypermethylated when the average of 

the β-values of the interrogated CpGs is, in cell lines, higher than 0.65, and in human 

tissues, higher than 0.33. The reason to lower down this threshold is the potential sample 

contamination with normal adjacent tissues.  
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Bisulfite sequencing PCR (BSP) 
 

DNA methylation status of 5’-end promoter-associated CpG island of candidate genes 

was analyzed by bisulfite sequencing. Promoter regions were obtained from the UCSC 

Genome Browser, and CpG islands were in silico identified using Methyl Primer Express 

v1.0 (Applied Biosystems). Primers encompassing the transcription start site (TSS)-

associated CpGs were designed by using the same program. Primer sequences can be 

found in Table 2. A specific region of every promoter of interest was then PCR amplified, 

cloned into pGEM®-T Easy vector (Promega), and transformed into competent bacteria. 

Bacterial plasmid DNA was extracted and purified. A minimum of eight single clones 

were submitted to sequencing PCR using BigDye Terminator V3.1 cycle sequencing kit 

(Applied Biosystems) and sequenced in a 3730 DNA Analyzer (Applied Biosystems). 

Reads were aligned using the BioEdit software, and the methylation status of each 

promoter-associated island region was represented using the BSMap software. Initially 

methylated cytosines, which remained unchanged after bisulfite treatment may be 

identified, whereas non-methylated cytosines, uracil-converted, become thymines upon 

PCR amplification.  

 

Bisulfite Pyrosequencing 

 

Bisulfite-treated DNA was PCR amplified using primers (see Table 2) designed with 

PyroMark Assay Design 2.0 software (Qiagen). PCR amplicons were then 

pyrosequenced with the PyroMark Q24 system and analysed with PyroMark CpG 

software (Qiagen). 
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Table 2. List of the oligonucleotides employed for bisulfite sequencing 

DNA bisulfite sequencing 
Name Study Sequence 

NSUN5 BSP Fw I TAAAAATTTAAGAATTAGAGAAGAAGTG 
NSUN5 BSP Rv I AAAACAAACTAAATAAAAACTCCCC 
NSUN7 BSP Fw II TTTTAGGAATTTGTGAGTTAAAATT 
NSUN7 BSP Rv II TCAAATACAACCACTCCCAC 

DNA bisulfite pyrosequencing 
Name Study Sequence 

NSUN5 PCR Pyroseq Fd I Biot-ATGGGGTTGTATGTTGTAGTTG 
NSUN5 PCR Pyroseq Rv I CCCACCCCRAATTCCTCACT 
NSUN5 Seq1 Pyroseq Rv I TCCCCACCCCTACTA 
NSUN5 Seq2 Pyroseq Rv I CCCTTAATAAAACCC 

RNA bisulfite sequencing 
Name Study Sequence 

NSUN5 C3782 28S rRNA Fw I GTGATTTTTGTTTAGTGTTTTGAATGTTA
A 

NSUN5 C3782 28S rRNA Rv I AAAACCTCCCACTTATTCTACACCTCTC 
NSUN1 C4447 28S rRNA Fw I TAGTGTTAGGTGGGGAGTTTGATTG 

NSUN1 C4447 28S rRNA Rv I AAATTCTACTTCACAATAATAAAAAAAAC
C 

NSUN7 CCDC9B Fw II CTGGAAGGTCAGGAGGGAAG 
NSUN7 CCDC9B Rv II GGAAGCCACTGACTCCCC 

 
 

 

Expression Analyses  

RNA expression was assessed by real time quantitative reverse transcription PCR (qRT-

PCR) experiments. Total RNA was first extracted from cell pellets using the SimplyRNA 

kit (Promega) on a Maxwell RSC device (Promega).1 to 2.5 μg of total RNA were retro-

transcribed using ThermoScript RT-PCR system (ThermoFisher) or GoScript Reverse 

Transcription system (Promega) following manufacturer’s instructions. Oligo(dT) primers 

were used when looking for an enrichment for coding RNAs, while random hexamers 

when selected when analysing non-coding RNAs. Quantitative PCR was performed 

using SYBR® Green PCR Master Mix (Applied Biosystems) in a QuantStudio 5 Real-

Time PCR System (ThermoFisher). GAPDH was used as the housekeeping gene to 

enable normalization.  
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Reactivation treatments with the demethylating agent 5-aza-2′-deoxycytidine or 

decitabine (AZA; Sigma) were performed at 0.5 µM and 1 µM for 72 hours. RNA 

extraction and qRT-PCR were carried out as described before.  

Protein expression was analyzed by western blotting. Total protein extracts were 

obtained using RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA and EGTA, 

1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitor cocktail 

cOmpleteTM (Roche). Protein levels were quantified using PierceTM BCA protein assay 

kit (Thermo Scientific) following manufacturer’s recommendations. Proteins were 

resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and 

blotted against specific antibodies. All primary antibodies used are listed in Table 3. 

 

 
Table 3. List of the antibodies used and their related information. 

Name Study Supplier Reference 
Rabbit polyclonal anti-

NSUN1 I ThermoFisher PA5-34712 

Rabbit polyclonal anti-
NSUN5 I Abcam ab121633 

Mouse monoclonal anti-
NQO1 I Cell signaling 3187 

Rabbit polyclonal anti-
KIDINS220 I Novus Biologicals NBP1-31216 

Rabbit polyclonal anti-
NDRG3 I Cell signaling 5846 

Mouse monoclonal anti-
ACO2 I ThermoFisher MA1-029 

Rabbit polyclonal anti-
NSUN7 II Biorbyt orb258175 

Rabbit polyclonal anti-
GAPDH II Trevigen 2275-PC-100 

Rabbit polyclonal anti-
CCDC9B II Novus Biologicals NBP1-93764 

Monoclonal anti-β-Actin I, II Sigma A3854 
Rabbit polyclonal anti-

Lamin B1 I, II Abcam ab16048 

Mouse monoclonal anti-
αTubulin I, II Abcam ab40742 
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Cellular models 
 

Study I 

 

Overexpression models 

The NSUN5 wild-type cDNA sequence was cloned into the pLVX-IRES-ZsGreen1 

expression vector (Clontech), and a mutated version coding for a catalytically-inactive 

NSUN5 protein was cloned into the pLVX-IRES-tdTomato vector (Addgene). DBTRG-

05MG cell line total RNA was retrotranscribed and used to amplify the NSUN5 transcript. 

Specific adapter primers were designed in order to include the EcoRI restriction site to 

the 5’ region of the transcript; and the XbaI restriction site and a FLAG-Tag in the 3’ 

carboxy-terminal end. NSUN5 cDNA sequence from the DBTRG-05MG cell line was 

used, as well, to incorporate 4 specific point mutations by a PCR phusion method; 3 at 

SAM-binding sites (D258L, R263L, D305L) and one at the active site (C359V). For every 

substituted amino acid, the most frequent nucleotide codon sequence was used. For 

primer sequences refer to Table 4. Lentiviruses containing the aforementioned 

constructs (NSUN5 or NSUN5 mut), or the empty vectors (EV) were produced by co-

transfecting HEK-293T cells with psPAX2 (Addgene) and pMD2.G (Addgene), using 

jetPRIME® Transfection Reagent (Polyplus Transfection) and following manufacturer’s 

instructions. After 72 hours, viral supernatants were collected, 0.45 µM-filtered and 

stored at 4 ºC before infection. The recombinant products were randomly inserted by 

lentiviral transduction into the genome of A172 and LN229 NSUN5-silenced glioma cell 

lines. After 5 passages, green and red fluorescent cells were sorted by FACS and 

cultured as already stated (see Human cell lines and tissues).  

 

Short hairpin interference RNA (shRNA)-mediated depletion models 

Four different short hairpin RNA molecules (shRNAs) targeting NSUN5 mRNA were 

designed and cloned into the pLVX-shRNA2-ZsGreen plasmid (Clontech). A shRNA 

against the MSS2 yeast mRNA (not present in mammals) was used as Scramble control. 

Lentiviruses containing the aforementioned constructs (shNSUN5 #1-4 or Scramble) 

were produced by co-transfecting HEK-293T cells with psPAX2 (Addgene) and pMD2.G 

(Addgene), using jetPRIME® Transfection Reagent (Polyplus Transfection), as above 

described.  NSUN5-expressing glioma cell lines were stably transduced, and after 5 

passages, GFP-positive cells were sorted by FACS and maintained in culture. For 

shRNA sequences refer to Table 4. 
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Study II 

 

Overexpression model 

The cDNA sequence of NSUN7 was cloned into the pLVX-IRES-ZsGreen1 expression 

plasmid (Clontech), and a mutated cDNA version was cloned into the pLVX-IRES-

tdTomato vector (Addgene). A normal peripheral blood mononuclear cells (PBMCs) RNA 

sample, from a healthy donor, was retrotranscribed and used to amplify NSUN7 coding 

sequence. Specific adapter primers were designed to add restriction sites for XhoI and 

NotI to 5’ and 3’ ends of NSUN7 cDNA sequence. This construct was used as a template 

to incorporate a specific point mutation at the active site (C439V) by a PCR phusion 

strategy. Oligonucleotide sequences are listed in Table 4. Lentiviruses containing the 

aforementioned constructs (NSUN7 or NSUN7 mut), or the empty vectors (EV) were 

produced by co-transfecting HEK-293T cells with psPAX2 (Addgene) and pMD2.G 

(Addgene), using jetPRIME® Transfection Reagent (Polyplus Transfection), as above 

described. The NSUN7-silenced SNU-423 cell line was lentiviral-transduced with the 

different constructs, GFP or Tomato-FACS sorted and maintained in culture as already 

stated (see Human cell lines and tissues).  

 

CRISPR-mediated depletion model 

The NSUN7-expressing HCC cell line HEP3B2-1-7 was depleted of its expression by 

using a CRISPR-mediated knock out strategy. The CRISPR-Cas9 strategy makes use 

of an RNA-guided DNA endonuclease, the CRISPR-associated protein 9 (Cas9) that 

promotes genome editing by stimulating a double-strand break (DBS) at a target 

genomic locus. The guide RNA (gRNA) design was made by using the CRISPR Design 

Tool (http://tools.genome-engineering.org) that takes a genomic sequence of interest 

and identifies suitable target sites. Using this tool, 3 different gRNAs were designed to 

target the Cas9 machinery to different NSUN7 exons within the functional domain. For 

each gRNA, a pair of oligos were purchased (Sigma), annealed and cloned into the 

pSpCas9-2A-GFP plasmid (Clontech). HEP3B2-1-7 cells were transiently transfected 

with the pool of guides using jetPRIME® Transfection Reagent (Polyplus Transfection), 

and green fluorescent cells were sorted by FACS and subjected to clonal proliferation. 

NSUN7 knock out (KO) was assessed by qRT-PCR and western blot, already described 

in Expression analyses section. gRNA and primer sequences are listed in Table 4. 
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Table 4. List of the oligonucleotides employed for the establishment of cellular models. 

Name Study Sequence 

NSUN5 Cloning Fw I 
AAAAAAAAGAATTCGCCGCCACCATGGGGCTGTA
TGCTGCAGCTGCAGGCGTGTTGGCCGGCGTGGA
GAGCCGCCAGGGCTCTATCAAGGGGT 

NSUN5 Cloning Rv I 
AAAAAAAATCTAGATCACTTATCGTCGTCATCCTT
GTAATCGCCGGAGCCCCTTGGCACCTCGACCCG
TTCAATTACAGCAACGAAGAAGCCACTGCTGAGT
GTGGTCTC 

NSUN5 mut Cloning Fw I 
AAAAAAAAGAATTCGCCGCCACCATGGGGCTGTA
TGCTGCAGCTGCAGGCGTGTTGGCCGGCGTGGA
GAGCC 

NSUN5 mut Cloning Rv I 
AAAAAAAACTAGTTCAGGCGTAGTCGGGCACGTC
GTAGGGGTAGCCGCTGCCGCCCGGAGCCTCTGC
TATGTGCAAGGCGGTGTGCAAGCACCGGCTGCG
GCTCTTTGCT 

NSUN5 mut PCR 
phusion A Fw I ATGGGGCTGTATGCTGCAGCTG 

NSUN5 mut PCR 
phusion A Rv I 

CATGGATGCCAGCAGCTTGGCATCCAGCAGAAA

GGCAAAGATCTTCCCTTGGTTCT 

TCAGAAGAGCAGCCAAGTGACTGGTCTTATTGCC 

NSUN5 mut PCR 
phusion B Fw I 

GATCTTTGCCTTTCTGCTGGATGCCAAGCTGCTG

GCATCCATGGCCACGCTGCTGG 

CCCGGGCTGGCGTCTCTTGCTGTGAACTGGCTG
AG 

NSUN5 mut PCR 
phusion B Rv I TGCAGGAAGGCAGCAGCAGGATGTAGTGGACCT

CATGGTAGCGTGG 

NSUN5 mut PCR 
phusion C Fw I CATCCTGCTGCTGCCTTCCTGCAGTGGCTCGGGT

ATGCCGAGC 

NSUN5 mut PCR 
phusion C Rv I GGCAGAGGGACACCGTGGAGTAGACGAGCCGCT

GCAGGGAAGGG 

NSUN5 mut PCR 
phusion D Fw I GTCTACTCCACGGTGTCCCTCTGCCAGGAGGAG

AATGAAGACGTGGTGC 

NSUN5 mut PCR 
phusion D Rv I 

TTTTTTTTACTAGTTCACTTGTCGTCGTCGTCCTT
GTAGTCGCCGCTGCCGCCCGGAGCCTCTG 

CTATGTGCAAGGCGGTGTGCAAGCACCGGCTGC
GGCTCTTTGCTGT 

NSUN5 ShRNA 1 Fw I GATCCGCTCCGATGATGTAGTTGATTTCAAGAGA
ATCAACTACATCATCGGAGTTTTTTACGCGTG 

NSUN5 ShRNA 1 Rv I AATTCACGCGTAAAAAACTCCGATGATGTAGTTGA
TTCTCTTGAAATCAACTACATCATCGGAGCG 

NSUN5 ShRNA 2 Fw I GATCCGCCATGAGGTCCACTACATCTTCAAGAGA
GATGTAGTGGACCTCATGGTTTTTTACGCGTG 

NSUN5 ShRNA 2 Rv I AATTCACGCGTAAAAAACCATGAGGTCCACTACA
TCTCTCTTGAAGATGTAGTGGACCTCATGGCG 

NSUN5 ShRNA 3 Fw I GATCCGCCGATGATGTAGTTGATTATTCAAGAGA
TAATCAACTACATCATCGGTTTTTTACGCGTG 

NSUN5 ShRNA 3 Rv I AATTCACGCGTAAAAAACCGATGATGTAGTTGATT
ATCTCTTGAATAATCAACTACATCATCGGCG 
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NSUN5 ShRNA 4 Fw I GATCCGTGCTAGTGTATGAGTTGTTTCAAGAGAA
CAACTCATACACTAGCACTTTTTTACGCGTG 

NSUN5 ShRNA 4 Rv I ATTCACGCGTAAAAAAGTGCTAGTGTATGAGTTGT
TCTCTTGAAACAACTCATACACTAGCACG 

NSUN7 Cloning Fw II AAAAAAAACTCGAGCCGCCACCATGCTGAATT 

NSUN7 Cloning Rv II AAAAAAAAGCGGCCGCTCAAAGCCATCGCCGAG
GAGGCCTGAGTAGGG 

NSUN7 mut PCR 
phusion  Fw II TTACTGCACAGTGTCAGTTTTTCCAGAAGAAAATG

AAGCTGTTGT 

NSUN7 mut PCR 
phusion  Rv II GGAAAAACTGACACTGTGCAGTAAACAACTGCTT

GAGCTTTAGTAAATT 

NSUN7 gRNA#1 Fw II CACCGCTACCTCGTTGTTCAGGAC 

NSUN7 gRNA#1 Rv II AAACGTCCTGAACAACGAGGTAGC 

NSUN7 gRNA#2 Fw II CACCGCACTGGAATTTCAAGACCTT 

NSUN7 gRNA#2 Rv II AAACAAGGTCTTGAAATTCCAGTGC 

NSUN7 gRNA#3 Fw II CACCGCTCCTTGAGAGTGATCTTTA 

NSUN7 gRNA#3 Rv II AAACTAAAGATCACTCTCAAGGAGC 

 

 

RNA Methylation Analyses 
 

RNA extraction 

Total RNA from cell pellets was extracted using the SimplyRNA kit (Promega) on a 

Maxwell RSC device (Promega) or the RNeasy kit (Qiagen), following manufacturer’s 

instructions. Cytoplasmic and nuclear RNA were extracted by using PARIS™ kit 

(Ambion® PARIS™ system).  

 

RNA bisulfite conversion 
 
Total RNA was bisulfite converted using the Methylamp RNA Bisulfite Conversion Kit 

(EpiGentek) following a modified version of the manufacturer’s protocol, tripling the 

cycles stated.  

 

RNA bisulfite sequencing 
 
Bisulfite-modified RNA was retrotranscribed using ThermoScript RT-PCR system 

(ThermoFisher) or GoScript Reverse Transcription system (Promega) following 

manufacturer’s instructions, with random hexamers. PCR primers for the sequences of 

interest, containing the potentially methylated cytosines, were designed with Primer3web 
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(https://primer3.ut.ee/), aiming for smaller amplicon sizes in order to reduce amplification 

of unconverted cytosines due to strong secondary structure. Primer sequences are 

available in Table 2. PCR amplicons were purified and ligated into pGEM®-T Easy vector 

(Promega), transformed and sequenced as described previously in Bisulfite genomic 

sequencing section. Clones with incomplete bisulfite conversion (unconverted cytosines 

never described to be methylated) were discarded. 

 

Transcriptome-wide bisulfite RNA sequencing (bsRNA-seq) 
 

Study I 

A minimum of three independent biological replicates from EV- and NSUN5-transfected 

LN229 glioma cells were made use of. Total RNA from samples was isolated using the 

SimplyRNA Maxwell kit, DNA depleted with Turbo DNase (Ambion), phenol/chloroform 

extracted and ethanol precipitated. RNA quality was estimated on a Bioanalyzer total 

RNA Nano Chip (Agilent). In order to evaluate the bisulfite conversion efficiency between 

samples, 10 ng of two Renilla Luciferase in vitro transcripts were spiked in 10 μg of each 

RNA replicate. rRNA was reduced with the Ribo-Zero rRNA Removal Kit (Illumina) prior 

to bisulfite conversion as previously stated 90, and the efficiency of rRNA depletion was 

checked using a Bioanalyzer total RNA Pico Chip (Agilent). Bisulfite conversion was 

carried out as described previously 187. Libraries were then prepared according to 

Illumina TruSeq Stranded Total RNA protocol and sequenced on an Illumina Hiseq2500, 

in paired-end mode and 2x100bp length using the Illumina HiSeq Rapid SBS kit v2. The 

quality of the raw fastq files was checked with the FastQC software, and low quality reads 

and adapter sequences were removed with the BBMAP-BBDUK software 

(https://sourceforge.net /projects/bbmap). The pre-processed reads were mapped with 

Hisat2-2.0.4 software (https://ccb.jhu.edu/software/hisat2/index.shtml) against the 

human transcriptome bisulfite converted, corresponding to hg19 build, including the 

sequences of rRNAs. Only uniquely mapped reads containing less than 3 unconverted 

cytosines (3C filter) were considered for the following analysis. The m5C methylation 

value for each sample in the Watson and Crick strands was inferred using the BS-RNA 

software (http://bs-rna.big.ac.cn/) from the mapped reads. Only m5C positions with a 

coverage greater than 30 in all the samples were considered. Finally, the read counts 

were normalized with the limma-voom function, and using the R package limma 188 

cytosines differentially methylated between conditions (EV- and NSUN5-transfected) 

were defined as those with a multiple correction adjusted p-value < 0.05, a log fold-

change > 0 and a methylation difference over 0.33. 
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Study II 

Three independent biological replicates from EV-transfected and NSUN7-transfected 

SNU-423 cells, and from NSUN7-expressing and NSUN7-knocked-out HEP3B2-1-7 

HCC cells were used. Total RNA was extracted and processed as previously described. 

In this case, to evaluate bisulfite conversion efficiency across samples, 2 ng of the two 

Luciferase in vitro transcripts were spiked in. Ribosomal RNA (rRNA) was reduced, and 

RNA was bisulfite-converted as previously stated. Libraries were prepared according to 

Illumina TruSeq Stranded Total RNA protocol and sequenced on an Illumina Hiseq2500, 

in paired-end mode and 2x100bp length using the Illumina HiSeq Rapid SBS kit v2. The 

quality of the raw fastq files was checked with the FastQC software, and low-quality 

bases and adaptor sequences were removed using Trimmomatic (v0.36). Unmapped 

reads were mapped to the appropriate converted reference (hg38 build) using the 

meRanGh tool in MeRanTK. Only uniquely mapped reads containing less than 3 

unconverted cytosines (3C filter) were considered for the following analysis. Read counts 

at each cytosine position in the genome were obtained using the ‘mpileup’ function in 

samtools. Non-conversion sites were determined using a custom script. m5C sites with 

more than 30 read coverage in at least 1 sample and more than 10 read coverage in all 

the samples were selected, and a differential methylation analysis between groups (WT 

vs KO and EV- vs NSUN7-transduced) using Fisher’s exact test was performed. 

Cytosines differentially methylated between conditions were defined as those with a 

multiple correction adjusted p-value < 0.05 and a methylation difference over 0.1. 

 

RNA Immunoprecipitation and RT-qPCR (RIP-qPCR) 
 

Total extracts from LN229 EV- and NSUN5-transfected cells were overnight 

immunoprecipitated with 10 μl of Anti-Flag M2 Magnetic Beads (Sigma) in RIP buffer 

(150 mM KCl, 25 mM Tris pH7.4, 5 mM EDTA, 0.5 mM DTT, 0.5% NP40, protease 

inhibitors). Beads were then washed three times with RIP buffer. Prior to RNA elution, 

immunoprecipitation efficiency was assessed by boiling and loading 10% of beads with 

1X Laemmli buffer on a polyacrylamide gel. The pulled-down RNA from the remaining 

90% of beads was eluted with TRIzol Reagent (ThermoFisher), extracted with 

phenol/chloroform, DNA-depleted by DNAse treatment and resuspended in water. Equal 

amounts of each sample were then retrotranscribed and analyzed by qRT-PCR (see 

Expression analyses). The equivalent amount of input RNA was processed in parallel to 

estimate pull-down efficiency. 
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Mung bean nuclease protection assay and reverse phase-high pressure 
liquid chromatography (RP-HPLC)  
 

Total RNA from glioma cell lines was extracted by phenol/chloroform, and 1 mg per 

condition was subjected to mung bean nuclease protection assay followed by RP-HPLC, 

as described previously 189. The specific sequence of the 28S rRNA containing the 

NSUN5 target cytosine was protected by hybridization to complementary synthetic 

deoxyoligonucleotides (covering from the 3765 to the 3812 nucleotide). After digestion 

with the mung bean nuclease (NEB) and 0.05 mg/ml RNase A (Sigma-Aldrich), protected 

RNA fragments were resolved in a 8 M urea 13% polyacrylamide gel. The rRNA band 

was excised and passive eluted overnight with 0.3 M NaAc by rotation at 4 °C. Eluted 

rRNA fragments were precipitated with 100% EtOH and resuspended in RNAse-free 

water. Isolated fragments were then digested with nuclease P1 and bacterial alkaline 

phosphatase (Sigma Aldrich) and single nucleosides were subsequently analyzed by 

RP-HPLC on a Supelcosil LC-18-S HPLC column (25 cm × 4.6 cm × 5 µm) equipped with 

a precolumn (4.6 cm × 20 mm) at 30 °C on an Agilent 1200 HPLC system. 
 

 

Molecular dynamics simulations 

 

The Human 80S ribosome was taken from the high-resolution (2.9 Å) cryoEM structure 

with PDB id 6EK0 190. Since the modelling of the complete 80S ribosome with all the 

modified bases reported 190 is not accessible with the current state-of-the-art methods 

available in the field 191, we focused on a region of the ribosome 30 Å around m5C3782, 

which comprises part of the 28S subunit (model labelled r30A5mC). The region 

contained 263 RNA residues, 21 amino acids belonging to the α-helix of the 60S 

ribosomal protein L41, and 13 Mg2+ ions. Several RNA chains of the 28S subunit were 

cut by our selection, consequently the Cartesian coordinates of all atoms in the 

mentioned region were fixed in the space as found experimentally by means of a 

harmonic potential of 5 KcalÅ2. The RNA residues 3750-3793 and 3807-3816 from the 

28S subunit, the residues 15 to 24 from protein L41, and 8 Mg2+ (labelled 4405, 5186, 

5188, 5215, 5252, 5299, 5632, 5639 in 6EK0) were completely free to move during the 

Molecular Dynamics (MD) simulation. The r30A5mC model also contained 10 different 

types of modified bases. PSU, 5MC, and 7MG were treated with the available 

parameters 192, while OMC was converted to C, B8H to 5MU, A2M to M2A, OMG to G, 

B8W to G, UR3 to 3MU, and MA6 to 6MA. The model was then minimized in vacuo, 

neutralized (with 164 Na+ ions), solvated (with explicit waters and 0.4 M of added Na+Cl-
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), and minimized in solution with positional restraints on the solute using our well-

established multi-step protocol 193,194. To produce the final models, the minimized 

structures were thermalized to 298ºC at NVT, and then simulated during 60 ns by means 

of Molecular Dynamics simulations at NPT (P = 1 atm). The first 10 ns of the simulations 

were considered as an equilibration step and were discarded for further analysis. The 

system labelled r30AC was built from r30A5mC by replacing m5C3782 by C3782 (i.e., 

removing the methyl group). 

 

To treat the L41 protein we used the ff12SB force field 195, which is compatible with the 

modified RNA bases developed by Santa Lucia and co-workers 192. The RNA was 

represented using parmbsc0 196, and the entire system was surrounded by a truncated 

octahedral box of ~20,000 TIP3P water molecules 197, applying Dang’s parameters on 

ions 198. Ions were initially placed randomly, at a minimum distance of 5 Å from the solute 

and 3.5 Å from one another. All systems were simulated using the Berendsen algorithm 
199 to control the temperature and the pressure, with a coupling constant of 5 ps. Center-

of-mass motion was removed every 10 ps to limit build-up of the translational kinetic 

energy of the solute. SHAKE 200 was used to keep all bonds involving hydrogen at their 

equilibrium values, which allowed us to use a 2 fs step for the integration of Newton 

equations of motion. Long-range electrostatic interactions were accounted for by using 

the Particle Mesh Ewald method 201 with standard defaults, and a real-space cut-off of 

10 Å. All simulations were carried out using the PMEMD CUDA code module 202 of 

AMBER 18, and analysed with CPPTRAJ 203, VMD 1.9.3 204, and PYMOL v2.2.3. 

  

 

Global determination of protein synthesis 
 

De novo protein synthesis in cell cultures was determined by O-propargyl-puromycin 

(OP-Puro) and [3H]-leucine incorporation, on basal culture conditions and upon stress 

induction. Oxidative stress was induced by addition of 100 µM H2O2 to the cell culture 

medium for an average of 16 hours. Nutrient deprivation stress was achieved by culturing 

cells in low-nutrient medium [DMEM medium with low Glucose, no L-glutamine, Phenol 

Red and HEPES (ThermoFisher), supplemented with 10% dialyzed FBS, 1X GlutaMAX 

(ThermoFisher) and 1mM Sodium Pyruvate (ThermoFisher)]. Cells were washed three 

times with PBS prior to the addition of the nutrient deprivation medium, and were cultured 

for 16 hours before each below described procedure. 
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OP-Puro incorporation 

 

Cells were labeled for nascent protein synthesis using the Click-iT® OPP Reagent 

(Thermo Fisher). Briefly, cells were incubated with OPP Reagent in cell medium for 1 h. 

Cells were then fixed with 3.7% paraformaldehyde for 15 minutes, and permeabilized in 

PBS supplemented with 1% fetal bovine serum (Invitrogen) and 0.1% saponin (Sigma-

Aldrich) for 5 minutes at room temperature. To conjugate OP-Puro to a fluorochrome, an 

azide-alkyne cycloaddition was performed using the Click-iT® Plus OPP Protein 

Synthesis Kit (Thermo Fisher Scientific) with Alexa Fluor-647. Cells were then washed 

twice with PBS, and further stained for DAPI. Slides were mounted for imaging in glycerol 

supplemented with Mowiol 4-88 (Calbiochem). Fluorescence images were acquired 

using a confocal microscope (Leica TCS SP5) at 1,024 × 1,024 dpi resolution. All images 

were further processed using Fiji (ImageJ) software. To quantify protein synthesis rates, 

the fluorescence intensity of the OP-Puro signal was thresholded (mean OP-Puro = 

Integrated density/area) and divided by the total number of cells per image. The mean 

of OP-Puro incorporation was averaged from a minimum of 15 images per condition.  

 

[3H]-leucine incorporation 

 

Cells at 60-70% confluence were incubated with 10 mCi/mL 3H-leucine (Perkin Elmer) 

for 30 minutes. Cells were washed with PBS, and lysed in RIPA buffer [50 mM Tris-HCl 

pH 8, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM 

dithiothreitol (DTT)]. The lysates were cleared by centrifugation and incubated with cold 

10% trichloroacetic acid (TCA) for 10 minutes. TCA-insoluble proteins were then washed 

twice with 5% TCA, solubilised with 0.1 M NaOH, and analyzed using a liquid scintillation 

counter (Tri-Carb 2100TR, Perkin Elmer). Results were normalized to protein 

concentration quantified using PierceTM BCA protein assay kit (Thermo Scientific). 

  

 

RNA-sequencing (RNA-seq)  
 

Total RNA was extracted from cell pellets using the SimplyRNA kit (Promega) on a 

Maxwell RSC device (Promega). 3 μg of total RNA from 2-3 replicates were used for 

RNA-seq analyses. Libraries were prepared with TruSeq stranded mRNA kit (Illumina) 

and sequenced in paired-end mode with a read length of 2x100bp on a HiSeq2000 

(Illumina). An average of 70 to 100 million pairs of 100bp paired-end read per sample 

were generated. For alignment and quantification, read quality and adapter sequence 
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presence was checked with FastQC (v0.11.4) software.  Sequencing adapters were 

removed from the 5’ and 3’ ends of the reads using BBDUK. Differential expression was 

analysed using the DESeq2 package (v1.16.1) 205 with default options, in the R 

programming language (v3.4). RNA-Seq reads were aligned to the human reference 

transcriptome (GRCh37 build) using HISAT2 v.2.0.5 206. The alignments were then 

assembled with Stringtie v.1.3.3b 207. The average of mapped reads per sample was 

98%. Genes were considered to be differentially expressed with an absolute log2 fold-

change > = 2 and an adjusted p-value < 0.01. 

 

 

Ribosomal profiling (Ribo-seq) 
 

Ribo-seq was performed following a modified version of the original protocol 208. A 

minimum of five replicates were performed for each sample. Stress-induction in cell 

cultures was carried out as previously described in Global determination of protein 

synthesis section. Briefly, cells were grown until confluence, and then washed twice with 

PBS, and in-dish lysed [20 mM Tris-Cl pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 

100 μg/ml cycloheximide, 1% Triton X-100, 25 U/ml of Turbo DNase I (Thermo Fisher 

Scientific)]. Lysates were further triturated by passing them ten times through a 26-G 

needle and centrifuged at 20,000 g for 10 minutes to remove nuclei and debris. 

Supernatants were digested with RNaseI (100 U/μl, Thermo Fisher Scientific) for 45 

minutes at room temperature. Digestion was blocked with SUPERase*In (Invitrogen), 

and lysates were layered on a 1 M sucrose cushion and separated by ultracentrifugation 

at 80,000 RPM in a TLA110 rotor for 204 minutes at 4ºC. RNA was purified from 

ultracentrifuged pellets using the miRNeasy kit (Qiagen) according to manufacturer’s 

instructions. RNA footprints were resolved in 15% TBE-urea gels (Invitrogen), and 

ribosome-protected RNA fragments (26–34 nucleotides) were size-selected. RNA 

fragments were then 3′-dephosphorylated with a T4 polynucleotide kinase (New England 

Biolabs). Ribo-Seq libraries were prepared with the TruSeq Small RNA Library 

Preparation kit (Illumina). 3′-adenylated and 5′-phosphorylated adapters were ligated to 

the RNA fragments, and RNA was reverse transcribed using the SuperScript III cDNA 

synthesis kit (Invitrogen). Ribosomal DNA (rDNA) was removed by subtractive 

hybridization using oligonucleotides (as stated in the original protocol), and cDNAs were 

PCR amplified using a different primer index per sample. Libraries were sequenced by 

Macrogen (Seoul, Rep. of Korea). Raw reads were quality assessed with FastQC 

(v0.11.4) software.  Sequencing adapters were removed from the 5’ and 3’ ends of the 
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reads using BBDUK. For Ribo-seq analyses, DESeq2 default options were turned off 

and an independent filtering was applied by using the Riborex R package as well as a 

minimum count transcript variance greater than 0 or 1, depending on the dataset quality. 

The cut off for ribosome-associated RNAs was p-value < = 0.01 and a log2 fold-change 

> = 0.5. 

 

Assessment of Translational Efficiency  

Translational efficiency for each RNA was determined by normalizing the Ribo-seq data 

to transcript length and total transcript abundance according to the corresponding RNA-

seq data, as previously described 209. Count tables for mRNAs (RNA-seq) and ribosome-

protected RNAs (Ribo-seq) were calculated from the StringTie output, with PrepDe.py. 

To analyze differential translation of mRNAs the R package RiboDiff was used. This 

package assesses translation efficiency (TE) by comparing the relative differences in the 

ratio of Ribo-seq mRNA fractions to total mRNA expression levels, with a cut off of an 

absolute fold-change in TE > 0.5 and a p-value < 0.01. The final TE gene candidates 

were selected from the intersection of transcripts without RNA abundance differences 

and transcripts with significantly less ribosome occupancy in LN229 NSUN5 cells. For 

DBTRG-05MG cells, the final TE gene candidates were selected from the intersection of 

transcripts without RNA abundance differences and transcripts with significantly less 

ribosome occupancy in DBTRG-05MG Scramble cells. 

 

Gene functional enrichment analysis  

Gene sets included in the publicly available GSEA signature database and the DAVID 

web service (https://david.ncifcrf.gov/) were used to carry out a gene functional 

enrichment analysis on GO biological processes and KEGG pathways. A hypergeometric 

test was performed, and the top gene clusters were defined as those with a FDR adjusted 

p-value < 0.05.  

 

 

Stable isotope labeling by amino acids in cell culture (SILAC) 

SILAC labeling was performed by using SILAC-Lys8- Arg10-Kit media (Silantes). LN229 

EV- and NSUN5-transfected cells were cultured in heavy medium (Lys 8- Arg 10) or light 

medium (Lys 0 – Arg 0), respectively, for 10 days. After labeling, protein extraction was 

carried out by using RIPA buffer. Protein levels were quantified by the Lowry method 
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using the DC Protein Assay (BioRad) and mixed in 1:1 ratio. Proteins were next 

processed by the Filter aided sample preparation (FASP) method, using disposable 

centrifugal ultrafiltration units that allow for detergent depletion, protein digestion, and 

isolation of peptides. Samples were further subjected to alkylation with iodoacetamide 

and overnight digestion with Lys-c and trypsin at 37°C in 50 mM ammonium bicarbonate. 

Peptide mixes were analyzed using an OrbitrapPhusion Lumos mass spectrometer 

(Thermo Scientific) coupled to an EasyLC (Thermo Scientific). All data were acquired 

with Xcalibur software v3.0.63. Proteome Discoverer software suite v2.0 (Thermo Fisher 

Scientific) and the Mascot search engine v2.5 (Matrix Science) were used for peptide 

identification and quantification. Samples were searched against a SwissProt database 

containing entries corresponding to Human (April 2016 version), a list of common 

contaminants and all the corresponding decoy entries. Resulting data files were filtered 

for FDR < 1%. Only peptide intensities corresponding to master protein category were 

used. The ratios from average peptide intensities were calculated and normalized for 

each protein. Significantly upregulated and downregulated proteins between EV- and 

NSUN5-transfected groups were calculated by a Student’s t-test, p-value < 0.05.   

 

Polysomal profiling 

Prior to polysome fractionation, cells were incubated with 100 mg/ml cycloheximide for 

15 minutes. Plates were then washed with ice-cold PBS containing 100 mg/ml 

cycloheximide, and cells were scraped and collected in ice-cold PBS with cycloheximide. 

Cells were lysed in polysome lysis buffer [20 mM Tris-HCl pH 7.4, 5 mM MgCl2, 150 mM 

NaCl, 1% Triton X-100, 2.5 mM DTT, 1% deoxycholate, 200 U/ml RNasin, 100 mg/ml 

cycloheximide, protease inhibitor cocktail cOmplete (Roche), α1-antitrypsin (EMD 

Biosciences)]. Lysates were assessed for protein concentration by Bradford assay, and 

equals amounts of protein were loaded on a 15%–50% sucrose gradient containing 100 

mg/ml cycloheximide, 1 mM DTT and 0.2 mg/ml heparin. Gradients were separated by 

ultracentrifugation at 36,000 RPM in a SW40 rotor for 3 hours at 4ºC, subsequently 

fractionated using an ISCO-Foxy Jr. fraction collector and ordered by absorbance at 254 

nm using a UA-6 absorbance detector connected to the fraction collector. RNA was 

extracted with TRIzol Reagent (ThermoFisher), and equal amounts of each sample were 

then retrotranscribed and analyzed by qRT-PCR (see Expression analyses). 
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In vitro cell growth 

Cell proliferation was assessed by the sulforhodamine B (SRB) assay. 1,000 to 3,000 

cells per well were seeded in 96-well plates. During 7 consecutive days, cells were fixed 

with 10% trichloroacetic acid, washed twice with distilled water and stained with 0.4% 

SRB in 1% acetic acid for 30 minutes. SRB was then solubilized in 10mM Tris-HCl pH 

10.0 and 540 nm-optical densities were determined using a microplate reader (Perkin 

Elmer Viktor 3). Data was analyzed with GraphPad Prism 5 software. 

 

Cell viability 

For in vitro IC50 studies, 5,000 cells per well were seeded in 96-well plates, and 

maintained overnight to allow cell attachment prior to drug exposure. Cell viability was 

assessed by the SRB assay (as previously described) 48h after drug treatment. For in 

vivo treatment with isobutyl-Deoxynyboquinone (IB-DNQ), 12 mice were inoculated with 

2x106 A172 or DBTRG-05MG cells into the brain, and 7 mice of each group were 

randomly chosen to be treated, while five mice remained untreated. Mice were orally 

administered every two days, with either IB-DNQ (12 mg/g) or vehicle (2-hydroxypropyl-

beta-cyclodextrin, HP-CD).  

 

 

Electronic microscopy 

For transmission electron microscopy, cells at 80% of confluence were first fixed in 2.5% 

glutaraldehyde in 0.1 M phosphate buffer, and next fixed in 1.5% osmium tetroxide. 

Samples were processed using the tEPON 812 embedding Kit (Tousimis®). Ultrathin 

sections were stained with uranyl acetate and lead citrate, and assessed at 80 kv with a 

JEM-1011 (JEOL) transmission electron microscope. Ribosome number was quantified 

from different randomly selected regions of several images (n = 8) by three different 

researchers, and normalized by the area. 

 
  



Materials and methods 

 73 

Autoradiographic Analysis of rRNA Synthesis 

To label newly synthesized RNA, cells were incubated for 2 hours with 1.2 μCi/ml of [3H]-

uridine (Perkin Elmer). RNA was then extracted with TRIzol reagent (Invitrogen). 2 μg of 

total RNA were resolved on a formaldehyde-containing 1.2 % agarose gel and 

transferred to Hybond N+ membrane (GE Healthcare). Membranes were UV-

crosslinked, sprayed with EN3HANCE (Perkin Elmer) and exposed to Kodak BioMax MS 

film (Kodak) at -80oC for 1 week. 

 

Animal models 
 

Orthotopic tumor xenografts 

IVIS images: 1x106 cells were stereotactically inoculated into the corpus striatum of right 

brain hemispheres of 9-week-old Nude-Foxn1nu athymic mice (Charles River 

Laboratories). Tumor size was estimated by luciferase activity of inoculated glioma cells, 

quantified in a Xenogen-CCD camera from IVIS. All mouse experiments were approved 

by and performed in accordance with the guidelines of the Institutional Animal Care 

Committee of the Vall d’Hebron Research Institute in agreement with the European 

Union and national directives.  

 

Xenograft’s growth: 3x105 cells for LN229 (EV or NSUN5), and 1,5x106 cells for DBTRG-

05MG (Scramble or shNSUN5) were inoculated into the corpus striatum of 9 (Scramble 

and shNSUN5) or 10 (EV and NSUN5) mice for each cell line individually. All mouse 

experiments were approved and performed in accordance with the guidelines of the 

Institutional Animal Care Committee of IDIBELL. 

 

Subcutaneous tumor xenografts 
 
In vivo tumor growth was analysed on five-week-old male athymic nu/nu mice (Charles 

River, Wilmington, MA, USA). Xenografts were initiated by subcutaneously inoculating 

2x106 LN229 EV and NSUN5 (n = 8) or 4x106 DBTRG-05MG Scramble and DBTRG-

05MG-shNSUN5 glioma cells (n = 8), into the left and right flanks, respectively. Tumor 

growth was measured in two dimensions using calipers, and tumor volume (V) was 

estimated applying the formula: V (mm3) = (L × W2)/2, being L (length) > W (width). Mice 

were euthanized 28 days after inoculation, and tumors were excised and weighed. 
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Clinical data 

Study I 

Gene mutation, copy number variation (CNV), DNA methylation and mRNA expression 

data in cell lines were obtained from COSMIC cell line database and the TCGA Data 

Portal. DNA methylation and mRNA expression data in the TCGA set of glioma patients 

were obtained from the TCGA Data Portal, and values for LGG and GBM TCGA primary 

tumor samples were obtained from the NCI's Genomic Data Commons (GDC) 

(https://gdc.cancer.gov/). To assemble the glioma validation cohort, 115 formalin-fixed 

paraffin-embedded (FFPE) glioma tumors were retrospectively collected from four 

different centers from 1989 to 2018 (Hospital Germans Trias i Pujol, Hospital Universitari 

de Bellvitge, Hospital Clínic de Barcelona and University Hospital Basel) and were 

histologically reviewed. Most of these patients received temozolamide as first-line 

treatment, in combination or not with radiotherapy. All cases were provided with patient-

informed consent under the ethical approval from each Institution Boards/Ethics 

Committees.  

 

 

Statistical analysis 

The associations between variables were assessed by Fisher’s exact test, Welch's t-test, 

Chi-squared test, Mann-Whitney test, Wilcoxon paired test or Spearman correlation as 

appropriate. Kaplan-Meier plots and log-rank test were used to estimate Progression-

Free Survival (PFS) and Overall Survival (OS). Univariate Cox regression analysis was 

performed in which hazard ratio with a 95% of confidence interval was 

evaluated.  Statistical analyses were carried out by using SPSS (Armonk, NY) and 

GraphPad Prism 5 (La Jolla, CA). P-values lower than 0.05 were considered statistically 

significant.
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RESULTS 
 

Identification of epigenetically altered m5C RNA methylation-related genes 
in human cancer  

To identify epigenetic defects affecting m5C RNA methylation in human tumorigenesis, 

we first decided to perform a pan-cancer analysis of our Illumina 450K methylation array 

data collection, as one of the major epigenetic mechanisms causing transcriptional 

silencing is gene promoter hypermethylation. From all the CpG sites interrogated by the 

450K methylation array, promoter-associated CpG islands were defined as those CpGs 

located in DNA regions spanning 200 base pairs upstream to the Transcription Start Site 

(TSS) of a gene. Promoter-associated CpG islands of all m5C-related genes described 

so far, including writers (NSUN1-7, DNMT2), readers (ALYREF, YBX1) and one eraser 

(ALKBH1) were assessed for their promoter methylation status across more than one 

thousand human cancer cell lines, belonging to the COSMIC Cell Lines project panel 
210.  

Out of the eleven m5C-related genes assessed, two were found hypermethylated in a 

relevant percentage of the cancer cell lines studied: the m5C RNA methyltransferase 

genes NSUN5 and NSUN7 (Figure 8). 

We also wondered if other mechanisms could be affecting the expression of our 

candidate genes in cancer. The COSMIC Cell Line panel also counts with exome 

mutational and copy number (CN) data, allowing us to rule out potential point mutations 

or gene amplifications. Mining of the available CN data revealed practically no gene 

amplifications in the analyzed cell lines, while point mutations of some m5C-related genes 

appeared specifically enriched in endometrium, cervix and gastric cancer cell lines, 

although not at elevated percentages (Figure 9A, B). Despite our focus was directed 

towards epigenetic mechanisms regulating m5C RNA methylation, it would also be 

interesting to characterize the effect of m5C regulators point mutations on tumorigenesis.  
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Figure 9. Frequency of genetic alterations on m5C-related genes across cancer cell lines. 
Heatmap representation of (A) gene amplifications and (B) somatic mutations of the candidate 
gene set in the COSMIC Cell Line panel. Color intensities represent the percentage of cell lines 
of every tumor type affected. A gene was considered amplified with a total copy number >= 8. 
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Characterization of NSUN5 promoter hypermethylation in glioma  

The aforementioned data mining of the DNA methylation array data across cell lines 

showed that NSUN5 promoter CpG island was hypermethylated in different 

malignancies, with the highest percentages in central nervous system (CNS) cancer 

(38%, 21 of 55 cell lines), thyroid cancer (25%, 4 of 16 cell lines), biliary tract cancer 

(20%, 1 of 5 lines), autonomic ganglia cancer (18%, 6 of 33 lines) and soft-tissue 

sarcoma (13%, 3 of 23 cell lines) (Figure 10A).  

To confirm that NSUN5 epigenetic alteration takes place in human cancer samples, 

ruling out a potential cell line event, NSUN5 promoter CpG island was assessed for its 

methylation status in The Cancer Genome Atlas (TCGA) human primary tumors 

collection. This analysis revealed NSUN5 promoter hypermethylation happening mainly 

in human primary gliomas from all grades (28%, 190 of 681 tumor samples), and to a 

minor extent, in gastric tumors (5%,18 of 361 tumors) (Figure 10B). Importantly, NSUN5 

promoter CpG island was unmethylated in all the normal tissues studied (Data not 

shown), suggesting a cancer-specific epigenetic event.  

To take a deeper look inside NSUN5 promoter methylation in human glioma, we 

subdivided the TCGA glioma sample collection according to the histological tumor grade 

based on the degree of anaplasia, following the classification established by the World 

Health Organization (WHO) on Tumors of the Central Nervous System (CNS) 211. The 

TCGA glioma collection counts with diffuse low-grade gliomas (LGGs; grades II and III), 

including astrocytomas, oligoastrocytomas and oligodendrogliomas, and high-grade 

gliomas (grade IV), also known as glioblastoma multiforme (GBM). NSUN5 promoter 

CpG island was found hypermethylated in 34% of LGG tumors (180 of 527), and in 6% 

of glioblastomas (10 of 154) (Figure 10C). 
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NSUN5 promoter hypermethylation is associated with its transcriptional 
silencing 

Having identified a cancer-specific NSUN5 epigenetic defect in glioma, we sought to 

determine if NSUN5 promoter hypermethylation was responsible for a transcriptional 

inactivation of the NSUN5 gene. A pan-cancer analysis of the available transcriptome 

profiles of the COSMIC Cell Line collection showed that NSUN5 hypermethylation was, 

indeed, associated with transcript downregulation (Spearman’s rank correlation, 

rho = −0.336; p-value < 0.0001) (Figure 11A), being NSUN5 significantly more 

expressed in hypomethylated cells (Figure 11B). The negative correlation between 

promoter methylation and NSUN5 mRNA expression was magnified when analyzing only 

glioma cell lines (Spearman’s rank correlation, rho = − 0.756; p-value < 0.0001) (Figure 
11C), with hypermethylated cells significantly reduced of NSUN5 mRNA expression 

(Figure 11D).  

RNA-sequencing (RNA-seq) data from the TCGA primary glioma cohort confirmed the 

association between NSUN5 promoter methylation and transcript downregulation across 

all glioma tumors (rho = − 0.7; p-value < 0.0001), and after tumor grade classification into 

low- and high-grade gliomas (rho = − 0.65; p-value < 0.0001 and rho = − 0.37; p-

value = 0.0044, respectively) (Figure 12). 

To study this epigenetic mechanism in greater detail we moved to an in vitro setting. We 

selected two subsets of glioma cell lines, a LGG subset, comprising three cell lines, and 

a glioblastoma subset, composed of 6 cell lines, based on NSUN5 promoter methylation 

status. According to the DNA methylation array, the glioblastoma cell lines DBTRG-

05MG, MO59J and CAS-1 have a NSUN5 unmethylated promoter, while the A172, 

LN229, and KS-1 cell lines display a hypermethylated promoter (Figure 13A). In order 

to validate the array data, we performed bisulfite genomic sequencing of multiple clones 

of those cell lines, using primers that spanned the TSS-associated CpG island. We 

confirmed our previous results, finding NSUN5 promoter-associated CpG island 

hypomethylated in the DBTRG-05MG, CAS-1, and MO59J cells, while it was 

hypermethylated in the LN229, A172, and KS-1 glioma cell lines (Figure 13C). 

Importantly, according to the methylation array data, NSUN5 promoter was 

hypomethylated in normal brain cells and samples, including commercial astrocytes, fetal 

brain, and different adult brain regions (frontal cortex, posterior cingulate cortex, 

hippocampus and white matter) (Figure 13B), and the array results were validated by 

bisulfite genomic sequencing in the case of white matter and astrocytes samples (Figure 
13C). 
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Figure 11. In silico-detected NSUN5 transcriptional silencing by promoter CpG island 
hypermethylation in cancer cell lines. (A) NSUN5 methylation is inversely correlated with 
NSUN5 transcript expression in human cell lines belonging to the COSMIC panel (n = 942). 
Spearman’s rank correlation test with its p-value and the associated rho coefficient are shown. 
(B) Box plots displaying NSUN5 transcript expression (Z-Score) in unmethylated and methylated 
cell lines from all cancer types. (C) Correlation analysis between NSUN5 promoter methylation 
(mean β-value) and NSUN5 transcript expression (Z-Score) in glioma cell lines (n = 49). 
Spearman’s rank correlation test p-value and rho coefficient are shown. (D) Box plots 
representing NSUN5 transcript abundance (Z-Score) in glioma cell lines show significantly 
reduced expression in methylated lines.  
 

NSUN5 expression on the cell line panel was analyzed both at the RNA and protein 

levels, by quantitative real-time PCR and western blot, respectively. NSUN5-

hypermethylated glioblastoma cell lines LN229, A172 and KS-1 minimally expressed 

NSUN5, whereas the unmethylated cells (DBTRG-05MG, CAS-1, and MO59J) 

expressed NSUN5 at both levels (Figure 14A). In order to validate if NSUN5 silencing 

is caused by a DNA methylation-mediated epigenetic mechanism, hypermethylated 

glioblastoma cell lines were treated with 5-aza-2-deoxycytidine or decitabine (AZA). This 

molecule is a cytosine analogue that inhibits DNA methyltransferases (DNMTs), 

promoting a passive demethylation through cell divisions. AZA treatment restored 

NSUN5 expression both at the RNA and protein levels (Figure 14B). 

A

C

B

D

All cell lines

NS
UN

5 
Ex

pr
es

si
on

 (Z
-s

co
re

)

Unmethylated Methylated
-6

-4

-2

0

2

4

6 ****

(n = 883) (n = 59) 

Glioma cell lines

NS
UN

5 
Ex

pr
es

si
on

 (Z
-s

co
re

)
Unmethylated Methylated

-4

-2

0

2 ****

(n = 29) (n = 20) 

All cell lines

0.0 0.2 0.4 0.6 0.8

-4

-2

0

2

4

NSUN5 Methylation (mean b-value)

NS
UN

5 
Ex

pr
es

si
on

 (Z
-s

co
re

)
rho = -0.3357
p-value = <0.0001

Glioma cell lines

0.0 0.2 0.4 0.6 0.8
-4

-2

0

2

NSUN5 Methylation (mean b-value)

NS
UN

5 
Ex

pr
es

si
on

 (Z
-s

co
re

)

rho = -0.7561
p-value = <0.0001



Results – Study I 

 87 

 

Figure 12. In silico-detected NSUN5 transcriptional silencing by promoter CpG island 
hypermethylation in human primary gliomas. NSUN5 promoter methylation is associated with 
its transcript downregulation in primary gliomas from all grades, in LGG and in GBM from the 
TCGA cohort. Spearman’s rank correlation tests with their p-values and associated rho 
coefficients are shown. 

 

The previous in vitro characterization was carried out, as well, in the LGG cellular panel. 

It was composed of the grade III astrocytoma cell lines SW1088 and MOG-G-CCM, both 

wild-type for IDH1, and the BT142 mut/− cell line that harbors a homozygous IDH1 

mutation (R132H). According to the methylation array, the BT142 mut/− cell line is 

hypermethylated, whereas the SW1088 and MOG-G-CCM cell lines are hypomethylated 

for the NSUN5 promoter (Figure 15A). Cells were subjected to bisulfite genomic 

sequencing, and results showed the same promoter methylation pattern obtained with 

the DNA microarray (Figure 15B). Moreover, BT142 mut/− cell line, with proved 

hypermethylated promoter had minimal expression of NSUN5, analyzed by quantitative 

real-time PCR and western blot, compared to the hypomethylated SW1088 and MOG-

G-CCM cell lines (Figure 15C). Importantly, treatment with the demethylating molecule 

AZA led to a recovery of NSUN5 expression in the BT142 mut/− hypermethylated cell 

line (Figure 15D). All these data indicate that NSUN5 promoter CpG island 

hypermethylation leads to its silencing in glioma.  
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Figure 13. Characterization of NSUN5 promoter methylation in glioma cell lines. DNA 
methylation levels (absolute β-values) of the NSUN5 promoter-associated CpG island analyzed 
by the 450K methylation array. Green, unmethylated; red, methylated. Data from the selected 
GBM cellular set and normal astrocyte cells (A), and from normal fetal and adult brain samples 
from different regions (B). (C) Bisulfite genomic sequencing of NSUN5 promoter CpG Island in 
GBM cells, plus two normal samples (brain white matter and astrocyte cells). CpG dinucleotides 
are represented as short vertical lines, NSUN5 TSS is indicated by a black arrow, and 
unmethylated or methylated cytosines are represented as white or black squares, respectively. 
Single clones are shown for each sample (n > 10). 
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Figure 14. NSUN5 epigenetic loss in GBM cell lines. (A) NSUN5 expression levels in the 
glioblastoma set of cell lines, plus a brain white matter sample, determined by real-time PCR (left) 
and western blot (right). (B) NSUN5 expression at both, RNA (left) and protein levels (right), was 
restored in the three hypermethylated cell lines (A172, LN229 and KS-1) after treatment with the 
demethylating drug AZA. RNA expression data shown represent the mean ± S.D. of biological 
triplicates, and p-values were calculated by the Mann–Whitney test. **p-value < 0.01  
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Figure 15. NSUN5 epigenetic silencing by promoter hypermethylation in LGG cell lines. (A) 
Methylation β-values of the NSUN5 promoter-associated CpG island in the selected LGG cellular 
panel, analyzed by the 450K methylation array. Green, unmethylated; red, methylated. (B) In vitro 
validation of the array data by bisulfite genomic sequencing of NSUN5 promoter CpG Island in 
LGG cells. CpG dinucleotides are represented as short vertical lines, NSUN5 TSS is indicated by 
a black arrow, and unmethylated or methylated cytosines are represented as white or black 
squares, respectively. Single clones are shown for each sample (n > 10). (C) Expression levels 
of the NSUN5 transcript and protein, analyzed by real-time PCR (left), and western blot (right). 
(D) NSUN5 expression at both, RNA (left) and protein levels (right), was restored in the BT142 
mut/− NSUN5 promoter hypermethylated cell line by treatment with the demethylating agent AZA. 
RNA expression data shown represent the mean ± S.D. of biological triplicates, and p-values 
were calculated by the Mann–Whitney test. **p-value < 0.01. 
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NSUN5 shows tumor suppressor properties both in vitro and in vivo 

Having demonstrated the epigenetic loss of NSUN5 in glioma cell lines, we studied its 

biological contribution to the growth of these cells. To this end, we developed both 

NSUN5 gain-of-function and loss-of-function models. NSUN5 expression was restored 

in the NSUN5-hypermethylated glioblastoma cell lines LN229 and A172 by stable 

transduction of an integrative expression vector (Figure 16A). On the contrary, NSUN5-

hypomethylated glioblastoma cell lines DBTRG-05MG and CAS-1 were depleted of 

NSUN5 expression by means of short hairpin interference RNA (shRNA) (Figure 16B). 

NSUN5 recovery led to a significant reduction of cellular growth in vitro, compared with 

empty-vector-transduced (EV) cells (Figure 16C), and, conversely, NSUN5 depletion 

increased cell viability (Figure 16D).  

 

Figure 16. NSUN5 role in glioma cell proliferation. (A) Restoration of NSUN5 protein 
expression by stable transduction in A172 and LN299 glioblastoma cells, analyzed by western 
blot. (B) Efficient shRNA-mediated depletion of NSUN5 protein expression in the hypomethylated 
DBTRG-05MG and CAS-1 glioma cell lines. (C) SRB assay shows that NSUN5 restoration 
decreases cell viability in the NSUN5 hypermethylated cell line A172. (D) NSUN5 depletion 
increases cell viability in the hypomethylated CAS-1 glioblastoma cell line. Viability data shown 
represent the mean ± S.D. of biological triplicates, and p-values were calculated by the Mann–
Whitney test. ***p-value < 0.001. 
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Based on these results, we decided to test the tumorigenic capacity of the cells in vivo, 

by carrying out subcutaneous mouse xenotransplantation experiments. We observed a 

reduced volume of the tumors derived from NSUN5-transduced LN229 cells, compared 

to EV-transduced cells (Figure 17A), whereas tumors arising from NSUN5-depleted 

DBTRG-05MG cells had a significantly higher volume (Figure 17C). Moreover, tumor 

samples obtained at the experiment endpoint had a lower weight when derived from 

NSUN5-transduced LN229 cells, compared to EV-transduced cells, and conversely, 

tumors originated from NSUN5-depleted DBTRG-05MG cells weighed more than their 

Scramble-transduced counterparts (Figures 17B, D). 

 

Figure 17. NSUN5 role in subcutaneous tumor xenograft growth. (A) LN229 EV- and NSUN5-
transduced cells were subcutaneously injected in the left and right flank of 10 mice, respectively, 
and tumor volume was measured over time. (B) Tumors originated from EV- and NSUN5-
transduced LN229 cells were weighed at the experiment endpoint. (C) DBTRG-05MG cells 
Scramble and NSUN5-shRNA-depleted were injected in the left and right flank of 10 mice, 
respectively. Tumor volume, measured over time, is shown. (D) Weight of tumors derived from 
Scramble and NSUN5-depleted DBTRG-05MG cells, analyzed at the experiment endpoint. Error 
bars show means ± s.d. P-values were calculated by Student’s T test. *p-value < 0.05, **p-value 
< 0.01. 
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To better characterize NSUN5 role on the tumorigenic cell growth of gliomas we also 

performed orthotopic mouse xenotransplantation experiments, which allow to create a 

tumor microenvironment that resembles more to the actual tumor. LN229 and A172 EV- 

and NSUN5-transduced cells were Luciferase-transduced prior to their mouse brain 

inoculation, in order to quantify tumor growth over time by analyzing luciferase activity. 

The study of orthotopically injected glioma cells into athymic mice showed similar results: 

tumors deriving from NSUN5-transfected LN229 and A172 glioblastoma cells had a 

significantly reduced size in comparison with EV-transfected tumors at day 10 post-

inoculation (Figure 18A). On the contrary, tumors originating from DBTRG-05MG cells 

depleted of NSUN5 expression had a significantly bigger size to those deriving from 

Scramble-transduced cells, at day 6 post-inoculation (Figure 18B).  

 

Figure 18. NSUN5 role in orthotopic tumor xenograft growth. (A) LN229 and A172 cells, EV- 
and NSUN5-transduced were stereotactically injected into the brain of athymic mice, and tumor 
growth was analyzed at day 10 post-inoculation by quantifying luciferase activity of tumoral cells. 
(B) DBTRG-05MG Scramble and shNSUN5 cells were stereotactically inoculated into the brain 
of athymic mice. Scatter plots show the size of individual tumors at day 6 post-inoculation. Error 
bars show means ± s.d. P-values were calculated by Student’s T test. *p-value < 0.05, **p-value 
< 0.01, ***p-value < 0.001. (C) Kaplan-Meier curves showing the survival of mice with intracranial 
implanted tumors originated from the hypermethylated LN229 cell line, EV- and NSUN5-
transduced. (D) Survival of mice intracranially-inoculated with tumors derived from Scramble and 
NSUN5-depleted DBTRG-05MG cells. P-values were calculated by the log-rank test, and results 
of the univariate Cox regression analysis are shown by hazard ratio (HR) and 95% confidence 
interval (CI). *p-value < 0.05, **p-value < 0.01. 
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We also analyzed survival of orthotopically-injected mice, and observed that NSUN5 

recovery into the LN229 cell line was associated with a longer overall survival of animals 

(log-rank; p-value=0.0196; hazard ratio [HR] = 4.547, 95% CI = 1.275–16.22) (Figure 
18C), whereas NSUN5 downregulation by shRNA-mediated depletion in DBTRG-05MG 

cells decreased the survival of mice (log-rank; p-value=0.0094; hazard ratio [HR] = 

5.452, 95% CI = 1.516–19.61) (Figure 18D). Overall, these observations indicate that 

NSUN5 displays tumor suppressor properties in glioma cells. 

 

NSUN5 m5C RNA methyltransferase is responsible for methylating the 
C3782 position of the 28S rRNA 

Next, we wondered if NSUN5 tumor suppressor properties might be better understood 

by characterizing NSUN5 role in human cells. As explained at the Introduction chapter, 

NSUN5 is a putative m5C RNA methyltransferase whose human targets have not been 

formally described yet. However, the function of its orthologues in lower eukaryotes is 

well described: to methylate a single cytosine on the corresponding 28S orthologue 

RNAs. Thus, we sought to identify NSUN5 target(s) in human cells, and how the loss of 

their methylated cytosines due to NSUN5 epigenetic loss could result in an advantage 

for cancer cells. For this reason, we first performed an alignment of the regions of the 

25S and 26S rRNAs containing the known methylated cytosines, the C2278 of the yeast 

25S rRNA, methylated by Rcm1 (S. cerevisiae orthologue) and the C2381 of the worm 

26S rRNA, methylated by nsun-5 (C. elegans orthologue), and included the mouse and 

human 28S rRNAs. What we first observed is that this rRNA region is extremely 

conserved across eukaryotes, which might imply a critical function on protein synthesis 

(Figure 19A). Next, that C2381 and C2278 positions correspond to the cytosine 3782 of 

the human 28S rRNA (Figure 19A). We also carried out a phylogenetic analysis by 

aligning the protein sequences of human NSUN5, with its previously described 

orthologues in C. elegans, S. cerevisiae and M. musculus, and observed a highly 

conserved RNA-methyltransferase domain between species (Figure 19B). 
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Figure 19. NSUN5 protein and putative target are evolutionary conserved between 
eukaryotes. (A) Sequence alignment of a region of the human 28S rRNA and their corresponding 
28S, 26S and 25S rRNAs orthologues from M. musculus, C. elegans and S. cerevisiae, 
respectively, containing the already described target cytosines. (B) Sequence alignment of a 
region of the human NSUN5 protein, including the RNA-methyltransferase domain, with its M. 
musculus, C. elegans and S. cerevisiae protein orthologues. Regions in black depict identical 
residues, while in grey physicochemically similar residues (scoring > 0.5 in the Gonnet PAM 250 
matrix).  

 

Our first step towards validating this putative NSUN5 human target was to demonstrate 

if NSUN5 binds to the 28S rRNA. To this end we carried out an RNA pull-down assay in 

LN229 EV- and NSUN5-transduced cells, and observed that upon specific 

immunoprecipitation of NSUN5, quantitative RT-PCR of the retrieved RNA showed an 

enrichment of 28S rRNA transcripts (Figure 20).  

H.sapiens 28S rRNA - C3782 GCGGGAGUAACUAUGACUCUCUUAAGGUAGCCAAAUGCCUCGUCAUCUAAUUAGUGAC
GCGGGAGUAACUAUGACUCUCUUAAGGUAGCCAAAUGCCUCGUCAUCUAAUUAGUGAC
GCGGGAGUAACUAUGACUCUCUUAAGGUAGCCAAAUGCCUCGUCAUCUAAUUAGUGAC
GCGGGAGUAACUAUGACUCUCUUAAGGUAGCCAAAUGCCUCGUCAUCUAAUUAGUGAC
**********************************************************

C.elegans 26s rRNA - C2381
S.cerevisiae 25s rRNA - C2278

M.musculus 28S rRNA - C3438

H.sapiens NSUN5       LGRHQARLKA-ELARLKVHRGVSRNEDL-------LE-VGSRPGPA------------------
M.musculus NSUN5      LGRHQARLKA-ELARLKVHRGVSRNEDL-------LQ-ESSRPGQA------------------
C.elegans Y53F4B_4    ISRRIQRIKEVEHAMQDEGRGIKAMK------------EADDGMKK------------------
S.cerevisiae YNL022C  RTRMIEIVKVLENFKTLGAEGRSRGEYVDRLLKDICEYFGYTPFLAEKLFNLFSPAEAMEFFEA
                        *    .*  *        *
H.sapiens NSUN5       --SQLPRFVRVNTLKTCSDDVVDYFKRQGFSYQGRAS---SLDDLRALKGKHFLLDPLMPELLV
M.musculus NSUN5      --YQVPRFVRVNTLKTRPEDAIDYFKRQGFSYQGRAS---SLEDLRALKGQHFLLDPLLPELLV
C.elegans Y53F4B_4    --IQIPRYARINTLKWTADEAMKTLETEKWKILGTLKPENFAEMVTKMKDDEVYVDPHVENLII
S.cerevisiae YNL022C  NEIARPITIRTNTLKTRRRDLAQTLVNRGVNLQPIGS---WTK----------------VGLQI
                           *   * ****    .                                         * .
H.sapiens NSUN5       F-PAQTDLHEHPLYRAGHLILQDRASCLPAMLLDPPPGSHVIDACAAPGNKTSHLAALLKNQGK
M.musculus NSUN5      F-PAQTDLHEHPLYRAGHLILQDKASCLPAMLLSPPPGSHVIDACAAPGNKTSYIAALLKNQGK
C.elegans Y53F4B_4    FAPNIQNFYEYWMVEQRYLILQDKASCLPAFLLNPRPGSQVFDTCAAPGMKTSHAAAIMENQGK
S.cerevisiae YNL022C  F-DSQVPIGATPEYLAGHYILQAASSFLPVIALDPHENERILDMAAAPGGKTTYISAMMKNTGC
                      *                  ***   * **   * *     . *  **** ** .   *.. **
H.sapiens NSUN5       IFAFDLDAKRLASMATLLARAGVS---CCELAEEDFLAVSPSDPRYHEVHYILLDPSCSGSGMP
M.musculus NSUN5      IFAFDQDAKRLAAMATLVARAGVS---CCELAEKDFLTVSPSDQRYSQVQYILLDPSCSGSGML
C.elegans Y53F4B_4    VWAMDRAADRVATMKQLLDASKVA---IASSFCGDFLKTDVTDKKFSKVKFAIVDPPCSGSGIV
S.cerevisiae YNL022C  VFANDANKSRTKSLIANIHRLGCTNTIVCNYDAREFPKVI------GGFDRILLDAPCSGTGVI
                      ..* *    *   .   .                .*                ..*  ***.*.
H.sapiens NSUN5       SRQLEEPGAGTPSPVRLHALAGFQQRALCHALTFPSL-----QRLVYSTCSLCQEENEDVVRDA
M.musculus NSUN5      SRQLEEHGEGTPSKERLQALAGFQQRALCHALRFPSL-----QRLVYSTCSLCQEENEDVVQEA
C.elegans Y53F4B_4    KRMDE-ITGGNAEKERLEKLKNLQAMILKHALKLPGL-----KRAVYSTCSVHEEENEQVVDEV
S.cerevisiae YNL022C  GKDQS-VKVSRTEKDFI-QIPHLQKQLLLSAIDSVDCNSKHGGVIVYSTCSVAVEEDEAVIDYA
                       .              .  .   *   *  *.             ******.  ** * *.
H.sapiens NSUN5       LQQNP--GAFRL-APAL----P-AWPHRGLSTFPGAEHCLRASPETTLSSGFFVAVIERV
M.musculus NSUN5      LQHNS--GTFRL-APVL----P-TWPHRGLSTFPGSEHCLRASPETTLTGGFFIAVFERA
C.elegans Y53F4B_4    LLDTYVRQNYVLKKNVL----P-EWTYRGLKTYEVGEHCLRANPKVTLTNGFFVAVFERV
S.cerevisiae YNL022C  LRKRP--NVKLV-DTGLAIGKEAFTSYRGKKFHPSVKLARRYYPHTYNVDGFFVAKFQKI
                      *          .    *          **           *  *      ***.*   .
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B
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Figure 20. NSUN5 binds to the 28S rRNA. Total extracts from EV- and NSUN5-transduced 
LN229 cells were efficiently immunoprecipitated with an anti-Flag antibody (left panel), and 28S 
rRNA levels were measured by quantitative RT-PCR from the retrieved RNA (right panel). 

 

Next, to properly validate NSUN5-mediated m5C-methylation we performed RNA bisulfite 

sequencing of multiple clones of 28S rRNAs extracted from all our cell line 

collections.  Regarding the GBM panel, NSUN5 unmethylated and expressing cell lines 

DBTRG-05MG, MO59J, and CAS-1 displayed high levels of C3782 28S rRNA 

methylation, whereas NSUN5-silenced LN229, A172, and KS-1 cell lines showed a lack 

of methylation at the 3782 cytosine (Figure 21A). Importantly, treatment of NSUN5 

promoter hypermethylated cell lines LN229, A172, and KS-1 with the DNA-demethylating 

agent AZA, apart from restoring NSUN5 expression as previously shown (Figure 14B), 

recovered rRNA methylation at the 3782 target cytosine (Figure 21B). We next carried 

out rRNA bisulfite sequencing on the cell lines belonging to the LGG panel, as well, 

observing similar results: SW1088 and MOG-G-CCM cell lines, with a hypomethylated 

NSUN5 promoter, showed high levels of C3782 28S rRNA methylation, compared to the 

NSUN5 methylated and silenced BT142 mut/− cell line, which completely lacks the 

methyl group on the C3782 (Figure 21C).  
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Figure 21. NSUN5 epigenetic loss abolishes the methyl group on the C3782 position of the 
28S rRNA. (A) RNA bisulfite sequencing of multiple clones of the 28S rRNA from the GBM cell 
panel, according to NSUN5 methylation status. (B) RNA bisulfite sequencing of the 28S rRNA 
from the three NSUN5 hypermethylated glioblastoma cell lines, after treatment with the 
demethylating drug AZA. (C) RNA bisulfite sequencing of the 28S rRNA extracted from the three 
LGG cell lines. Cytosines are represented as short vertical lines, the C3782 site is indicated by a 
black arrow, and presence of a methyl group is represented as a black square. 

 

In order to confirm these results, we decided to carry out an orthogonal method, able to 

detect 5-methylcytosine RNA methylation without the need for bisulfite conversion of the 

RNA. We decided to perform a mung bean nuclease protection assay, for isolation of the 

rRNA region including the C3782 position, coupled to RP-HPLC. This experiment 

confirmed our previous RNA bisulfite sequencing data for C3782 28S rRNA methylation: 

NSUN5 hypermethylated cell lines LN229, A172, and KS-1 had minimum C3782 

methylation levels compared to the NSUN5 unmethylated and expressing cell lines 

DBTRG-05MG, MO59J, and CAS-1 (Figure 22).  
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Figure 22. Methylation status of the C3782 site of the 28S rRNA by mung bean nuclease 
protection assay-RP-HPLC. Region of the RP–HPLC chromatogram with the nucleosides of 
interest. A specific region of 28S rRNAs from NSUN5 hypomethylated (top panel) and 
hypermethylated (bottom panel) glioma cells were isolated by hybridization to complementary 
deoxyoligonucleotides, digested by the mung bean nuclease and analyzed by RP–HPLC. The 
peak corresponding to m5C shows a retention time of 11,5 minutes. 

 

Having demonstrated the robustness of our validation method, we analyzed C3782 

methylation levels upon NSUN5 restoration and depletion in our in vitro models. NSUN5 

recovery in the LN229 and A172 silenced cells resulted in a recovery of C3782 28S rRNA 

methylation (Figure 23A). Conversely, NSUN5 downregulation in the DBTRG-05MG 

and CAS-1 expressing cell lines resulted in a decrease of methylation at the rRNA site 

(Figure 23B).  

Time (min)

m
A

U

m5C

Cm LN229-
-
-

A172

KS-1

8 10 12 14

1

2

3

Time (min)

m
A

U
m5C

Cm

8 10 12 14

1

2

3

-
-
-

DBTRG-05MG

MO59J

CAS-1



Results – Study I 

 99 

 

Figure 23. NSUN5 methylates the C3782 position of the 28S rRNA in glioma cells. RNA 
bisulfite sequencing of multiple clones of 28S rRNAs from EV- and NSUN5-transduced LN229 
and A172 glioblastoma cells (A), and Scramble and NSUN5-shRNA-depleted DBTRG-05MG and 
CAS-1 glioblastoma cells (B). Cytosines are represented as short vertical lines, the C3782 site is 
indicated by a black arrow, and presence of a methyl group is represented as a black square. 

 

Finally, we developed a NSUN5 catalytic defective protein (mut) by introducing point 

mutations at key residues for its enzymatic activity, all of them at the methyltransferase 

domain (Figure 24A). The mutant NSUN5 form was transduced into the NSUN5-

hypermethylated LN229 glioblastoma cell line, together with the wild-type version, and 

we observed similar expression levels of both constructs, both at the RNA and protein 

levels (Figure 24B). Importantly, when looking at the methylation level of the 28S rRNA 

C3782 site, both by RNA bisulfite sequencing (Figure 24C) and mung bean nuclease 

protection assay-RP-HPLC (Figure 24D), we showed that the NSUN5 enzymatically 

dead version was unable to restore C3782 methylation as its wild-type counterpart. 
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To confirm the specificity of our approach, we analyzed the expression and methylation 

target of the second 28S rRNA methyltransferase, NSUN1, in our cell lines and models. 

First, we observed NSUN1 protein expression in the glioblastoma panel (Figure 25A). 

Next, we performed RNA bisulfite sequencing of the 28S rRNA extracted from these 

glioma cell lines, and analyzed the methylation status of the known NSUN1 target, the 

28S 4447 cytosine. The methyl group at this position was present in all cell lines, 

regardless of NSUN5 expression (Figure 25B). Finally, we showed that recovery of 

NSUN5 in the silenced glioblastoma cell lines LN229 and A172 neither affect the protein 

level of the other 28S rRNA methyltransferase nor the methylation status of the C4447 

position of the 28S rRNA (Figure 25C, D). 

 

Figure 25. Ribosomal RNA methyltransferase NSUN1 expression and catalytic activity in 
glioma cells. (A) Western blot showing NSUN1 expression levels in the six glioblastoma cell 
lines. (B) RNA bisulfite sequencing of a region of the 28S rRNA containing NSUN1 target 
cytosine, in the GBM cellular panel. (C) Western blot showing how the restoration of NSUN5 
expression in A172 and LN299 glioma cells does not alter the protein levels of the other ribosomal 
RNA methyltransferase, NSUN1. (D) RNA bisulfite sequencing of multiple clones of 28S rRNAs 
from EV- and NSUN5-transduced LN229 and A172 glioblastoma cells, displaying NSUN1-
mediated C4447 methylation. Cytosines are represented as short vertical lines, the C4447 site is 
indicated by a black arrow, and presence of a methyl group is represented as a black square. 
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Therefore, all these results allow us to establish that the human NSUN5 RNA 

methyltransferase is responsible for catalyzing the incorporation of a methyl group onto 

the 3782 cytosine of the 28S rRNA, and that its epigenetic loss in glioma cells leads to 

an unmethylated status at that position. 

 

NSUN5 m5C RNA methyltransferase methylates mRNAs involved in the 
translation machinery 

As previously disclosed at the Introduction chapter, many members of the NSUN family 

of RNA methyltransferases have numerous targets, some even from different RNA 

species. We wondered if this could be the case for NSUN5 as well. For this reason, we 

moved from our candidate approach to an unbiased setting, in order to potentially widen 

the spectrum of NSUN5 targets. We performed transcriptome-wide bisulfite sequencing 

(bsRNA-seq), by bisulfite converting total RNA from EV- and NSUN5-transduced LN229 

glioma cells, and subjecting it to RNA sequencing. This unbiased approach confirmed 

the NSUN5-dependent methylation of the C3782 site (Figure 26A). 

Surprisingly, we found several cytosines differentially methylated between EV- and 

NSUN5-transduced conditions (multiple correction adjusted p-value < 0.05 and 

methylation fold-change > 0.33), in mRNAs. Interestingly, the list of putative novel 

NSUN5 targets was especially enriched in mRNAs coding for ribosomal proteins (RPs) 

from the large ribosomal subunit (LSU), where the C3782 position is located (Figure 
26B).  

In order to validate these results, we first demonstrated that some of the putative targets, 

RPLP0, RPL10 and RPL41 mRNAs are binding targets of NSUN5, by means of 

immunoprecipitation of NSUN5 followed by analysis of the retrieved RNA by RT-PCR 

(Figure 26C).  

We next performed RNA bisulfite sequencing of multiple clones of the candidate mRNAs 

from EV- and NSUN5-transduced LN229 glioma cells, but due to technical reasons, we 

were only capable of analyzing RPL41 mRNA. Importantly, we observed that upon 

NSUN5 restoration in the silenced LN229 cell line, the C524 position on the RPL41 

mRNA recovers the methyl group, suggesting C524 as a novel cytosine methylated by 

NSUN5 (Figure 27A).  
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Figure 27. Effect of NSUN5-mediated C524 methylation on RPL41 mRNA. (A) RNA bisulfite 
sequencing of multiple clones of RPL41 mRNA from EV- and NSUN5-transduced LN229 
glioblastoma cells. Cytosines are represented as short vertical lines, the C524 site is indicated by 
a black arrow, and presence of a methyl group is represented as a black square. (B) RPL41 
expression levels in EV- and NSUN5-transduced LN229 cells, analyzed by quantitative RT-PCR 
(left) and western blot (right). (C) RPL41 transcript half-life depending on NSUN5 expression, 
analyzed by Actinomycin D chase assay. 
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Loss of 28S rRNA m5C3782 does not affect rRNA biogenesis nor ribosome 
distribution, but impacts ribosomal conformation 

Having demonstrated NSUN5 role in methylating different RNA components of the 

translation machinery, we next wondered how its epigenetic loss could impact ribosomal 

biogenesis and function.   

First of all, we analyzed rRNA biogenesis upon NSUN5 restoration in the LN229 

glioblastoma cell line by northern blot, under basal conditions and under oxidative stress, 

and did not observe differences in rRNA levels between conditions (Figure 28A). Next, 

we evaluated if NSUN5 epigenetic loss could affect the distribution of ribosomes within 

cells, by means of transmission electron microscopy (TEM) imaging. Comparing 

hypermethylation-mediated NSUN5-silenced LN229 cells EV- and NSUN5-transduced, 

no major differences in ribosome distribution were observed (Figure 28B). 

 

Figure 28. NSUN5 restoration does not affect rRNA biogenesis, maturation or ribosome 
distribution. (A) Northern blot of total RNA extracted from EV- or NSUN5-transduced LN229 
cells, under basal conditions and upon H2O2 treatment. Total rRNA was analyzed by ethidium 
bromide staining, and nascent rRNA was visualized by 3H-uridine incorporation. Mature rRNA 
species are indicated by hyphens on the left of the pictures, and major degradation products by 
arrows. (B) TEM images show no differences in ribosome distribution upon NSUN5 restoration in 
hypermethylated LN229 cells.  

 

Finally, we evaluated if the loss of methylation at the 28S rRNA C3782 site upon NSUN5 

epigenetic silencing could alter human ribosomal structure, via Molecular Dynamics (MD) 

simulations (Figure 29A-E). A sub-region of the 28S subunit, comprising C3782 
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conditions (labelled r30A5mC, in blue), and with an unmethylated cytosine (labelled 

r30AC, in red). The methylated system (r30A5mC) showed a stable methyl-π interaction 

between m5C3782 and the C3781 base, which was not present upon m5C loss (r30AC) 

(Figure 29D). Moreover, loss of the 5-methylcytosine mark significantly altered the base 

pair between C3781 and G3810 sites, altering the conformation of a bulge located at 

position C3809 (Figure 29D). This bulge interacts with a small hairpin (comprising 

residues 3754–3778) that is exposed to the peptidyl site (P-site) of the ribosome (Figure 
29D, F), and whose function is to directly interact with the tRNA and the mRNA at the P-

site 212. In the simulated non-methylated scenario (r30AC), we observed that this hairpin 

undergoes a conformational change that leads to a 2.8 Å displacement compared to the 

m5C3782 methylated system (r30A5mC) (Figure 29E). This displacement moves away 

the hairpin from the P-site, potentially impairing its function of ensuring the stability of the 

tertiary complex rRNA–tRNA–mRNA (Figure 29F) at the P-site. Therefore, loss of a 

single methyl group at one cytosine of the 28S rRNA may be sufficient to alter normal 

protein synthesis, through impairing the tertiary complex structural stability at the P-site 

of the ribosome. 

 

NSUN5 epigenetic silencing impairs global protein synthesis 

To experimentally validate the aforementioned results, suggesting a link between the 

presence of a chemical mark in one base of the 28S rRNA, and the structural integrity of 

the second tRNA binding site of the ribosome, potentially affecting normal translation, 

we analyzed de novo global protein synthesis by O-propargyl-puromycin (OP-Puro) 

incorporation into nascent proteins and fluorescence-mediated detection. First of all, we 

assessed protein synthesis in the GBM cell panel, comprising, as already explained, 3 

hypermethylation-mediated NSUN5 silenced cells (A172, LN229 and KS-1) and 3 

NSUN5 hypomethylated and expressing cell lines (DBTRG-05MG, MO59J and CAS-1). 

However, under basal unstressed conditions we did not observe significant differences 

in global translation (Data not shown). Nevertheless, as the NSUN5-orthologue in yeast 

Rcm1, and its mediated methylation of C2278 of 25S rRNA has been shown to play a 

role in stress resistance, we repeated our approach under oxidative stress, through H2O2 

treatment. Interestingly, we observed a significant reduction in overall protein synthesis 

in NSUN5-silenced C3782-hypomethylated cells, compare to those cells expressing the 

RNA methyltransferase (Figure 30). 
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Figure 29. Loss of m5C3782 on the 28S rRNA impairs the tertiary complex (rRNA–tRNA– 
mRNA) structural stability at the P-site of the ribosome. (A) Human 80S ribosome structure 
taken from PDB code 6EK0. Proteins are displayed in light purple, and RNA molecules in white. 
(B) System considered in the MD simulations: 30 Å around the C3782 position, which is located 
in the center and depicted by its van der Waals radii. Nucleobases are depicted in green, while 
backbone is shown in orange. (C) Image shows the residues free to move (in pink), and the 
residues constrained during the simulation. (D) Local (left) and “long-range” (right) structural 
distortions observed in MD simulations after loss of the methyl group at the C3782 position 
(labelled r30AC, in red), compared to the methylated system (labelled r30A5mC, in blue). (E) 
Root-Mean-Squared-Deviation (RMSD) of the heavy atoms in the hairpin exposed to the P-site 
(residues 3754–3778) along time. Compared to the cryo-electron microscopy (cryoEM) structure, 
the hairpin in the methylated system experiments a deviation of 5.4 ± 0.8 Å in average, while in 
the unmethyated system the average deviation is 8.2 ± 1.2 Å. (F) CryoEM structure (5.5 Å-
resolution) of an eukaryotic 80S ribosome (PDB code 4V6I). Interaction between the P-site hairpin 
(nucleobases depicted in green and backbone in orange), the mRNA (depicted in red) and the 
tRNA (in pink) is shown. 
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Figure 30. NSUN5 epigenetic loss leads to a global depletion of protein synthesis. NSUN5 
hypermethylated and silenced cell lines (A172, LN229 and KS-1) show significantly lower overall 
protein synthesis than NSUN5 hypomethylated and expressing glioma cell lines (DBTRG-05MG, 
MO59J, and CAS-1) under oxidative stress (100 µM H2O2). Protein synthesis is assessed by OP-
Puro incorporation into cells and visualized by confocal microscopy. Representative confocal 
images (left panel) and fluorescence intensity quantification (right panel) are shown.  
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Figure 31. NSUN5 recovery restores global protein synthesis under different stress 
conditions. (A) Under oxidative stress (100 µM H2O2) and (B) nutrient deprivation, NSUN5-
transduced LN229 cells show increased overall protein synthesis compared to their EV-
transduced counterparts. Protein synthesis is assessed by OP-Puro incorporation into cells and 
visualized by confocal microscopy. Representative confocal images (upper panel) and 
fluorescence intensity quantification (bottom panel) are shown. (C) Increased global protein 
synthesis upon NSUN5 restoration in epigenetically-silenced LN229 cells under oxidative stress 
(100 µM H2O2) is also observed by a second technique, [3H] leucine incorporation and 
radioactivity quantification. (D) [3H] leucine incorporation into proteins shows similar results upon 
nutrient deprivation.  
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Moreover, we showed that NSUN5 recovery in LN229 hypermethylated cells significantly 

increased overall protein synthesis, compared to the EV-transduced counterpart cells 

(Figure 31A). Analysis of de novo translation under a second stress condition, nutrient 

deprivation, rendered similar results: NSUN5-restored LN229 cells significantly 

synthesized more proteins than NSUN5-silenced cells (Figure 31B). 

With the aim of confirming these results we analyzed global protein synthesis by an 

orthogonal method, [3H] leucine incorporation into nascent proteins, followed by 

radioactivity quantification. We observed the same pattern: under oxidative stress 

(Figure 31C) and nutrient deprivation (Figure 31D), epigenetically-inactive-NSUN5 

LN229 cells had lower global protein synthesis in comparison to NSUN5-restored cells.  

Overall, our results indicate that epigenetic loss of NSUN5 in glioma cells, and its 

consequently lack of the methyl group on the C3782 of the 28S rRNA, is associated with 

an impairment of global protein synthesis under stress conditions. 

 

NSUN5 epigenetic silencing induces the translation of a specific mRNA 
subset for stress survival 

Apart from global protein synthesis inhibition, some human tumors have been shown to 

implement additional methods for coping with cellular stress, such as the activation of 

alternative translational programs that are involved in the adaptive response to stress 
213–215. In order to characterize if NSUN5-epigenetically inactive cells promote the 

translation of specific transcripts to cope with cellular stress we followed the next 

strategy: to compare total RNA-seq data to ribosome-protected mRNA sequencing 

(Ribo-seq) data from EV- and NSUN5-transduced LN229 cells.  

First of all, we observed that restoration of NSUN5 expression into silenced LN229 cells 

had almost no effect on the overall coding transcriptome, as only 2% of all transcripts 

showed differences in abundance between conditions, being 255 upregulated and 244 

downregulated (adjusted p-value < 0.01 and absolute log2 fold-change > 2) (Figure 
32A). However, when looking at the mRNA fraction being translated for the same 

conditions, we observed higher differences: up to 7.2% of transcripts showed differences 

in ribosome occupancy, with 1,028 mRNAs overrepresented and 2,009 

downrepresented upon NSUN5 restoration in LN229 cells (p-value < 0.01 and absolute 

log2 fold-change > 0.5) (Figure 32A). 



Results – Study I 

 111 

In order to decipher if NSUN5 epigenetic silencing in glioma promotes the emergence of 

specific translational programs despite the global impairment of protein synthesis, we 

decided to better characterize the fraction of transcripts with enhanced translation upon 

NSUN5 epigenetic loss. This fraction was defined as those mRNAs unaltered in the 

RNA-seq data regardless of NSUN5 expression, but downregulated in the Ribo-seq data 

upon NSUN5 recovery in LN229 cells, or what is the same, with higher ribosome 

occupancy in EV-transduced cells (NSUN5-silenced). We observed a total of 1987 

transcripts with enhanced translational efficiency in NSUN5 epigenetically silenced 

LN229 cells EV-transduced (Figure 32B), and to confirm these observations we applied 

a statistical tool that calculates translational efficiency by using a generalized linear 

model (GLM) over mRNA abundance (RNA-seq data) and ribosome occupancy (Ribo-

seq data) (Figure 32C). To take a deeper look into these 1987 mRNAs with higher 

translational efficiency upon NSUN5 loss in glioma cells, we carried out a gene set 

enrichment analysis (GSEA) using GO biological process and KEGG pathway signature 

collections. Interestingly, we observed an overrepresentation of pathways related to 

cancer and the ribosome, and gene ontologies related to cellular and metabolic 

adaptation to stress (FDR adjusted p-value < 0.05) (Figure 32D).  

To better characterize the potential translational program arising upon NSUN5 

epigenetic loss in glioma cells, we carried out Stable Isotopic Labeling of Amino acids in 

Cell culture (SILAC), comparing the hypermethylated LN229 cells EV- and NSUN5-

recovered. We observed 128 proteins differentially expressed based on NSUN5 

expression (p-value < 0.05 and absolute log2 fold-change > 0.5) (Figure 33A). The 

decreased protein expression upon NSUN5 recovery was validated by western blot for 

three of them (Figure 33B). Moreover, we carried out a gene functional annotation of 

differentially expressed proteins by GSEA, using, as previously described, GO biological 

process and KEGG pathway signature collections. We observed pathways and gene 

ontologies related to response to stress by metabolic adaptation, mismatch repair and 

RNA processing (FDR adjusted p-value < 0.05) (Figure 33C). Importantly, overlapping 

SILAC results to ribosome occupancy data (Ribo-seq) (Figure 32C), we observed that 

26% of the downregulated proteins upon NSUN5 recovery (9 of 34), derived from 

transcripts with higher translational efficiency in the EV condition (Figure 33A). 
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Figure 32. NSUN5 epigenetic silencing increases the translational efficiency of specific 
transcripts. (A) Pie charts summarizing RNA-seq and Ribo-seq deep-sequencing profiles upon 
NSUN5 recovery into epigenetically-silenced LN229 glioblastoma cells. (B) Merge of transcripts 
unaltered in RNA-seq data with transcripts downregulated in Ribo-seq data upon NSUN5 
restoration allowed to identify 1987 RNAs with potentially higher translational efficiency upon 
NSUN5 epigenetic silencing (EV condition). (C) Assessment of translational efficiency for the 
identified set of 1987 transcripts. A GLM is applied, which estimates the over-dispersion of RNA-
Seq and Ribo-seq measurements separately, and then performs a statistical test to identify 
differential translational efficiency. (D) Gene set enrichment analysis (GSEA) of the RNAs with 
enhanced translational efficiency in NSUN5 depleted cells (hypergeometric test with FDR 
adjusted p-value < 0.05). 
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Figure 33. Proteome changes derived from NSUN5 recovery. (A) Pie charts summarizing 
differentially expressed proteins between LN229 cells EV- and NSUN5-recovered, assessed by 
SILAC approach. 26% of the downregulated proteins upon NSUN5 recovery derived from 
transcripts with higher translational efficiency in NSUN5-silenced LN229 cells (EV condition). (B) 
Western blot validation of some of the proteins downregulated upon NSUN5 restoration in 
epigenetically-silenced LN229 cells, according to SILAC results. (C) Gene set enrichment 
analysis (GSEA) of differentially expressed proteins upon NSUN5 recovery in LN229 glioma cells, 
according to SILAC results (hypergeometric test with FDR adjusted p-value < 0.05).  
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Moreover, we carried out additional RNA-seq experiments, first, for the same EV- and 

NSUN5-transduced LN229 cell model, but upon oxidative stress, and second, for the 

other GBM restoration model. Both experiments confirmed that NSUN5 restoration into 

epigenetically-silent cells had minimal effect on the overall transcriptome: only 0.5% of 

all transcripts showed differential abundance between EV- and NSUN5-transduced 

LN229 cells in the presence of H2O2 (Figure 34A), and recovery of NSUN5 in the A172 

glioblastoma cell line affected the expression of just 1% of all mRNAs (Figure 34C). A 

further ribosomal profiling of the LN229 model under oxidative stress confirmed the 

existence of a candidate gene set with an enhanced translation upon NSUN5 epigenetic 

silencing, as we observed a total of 137 transcripts with unaltered expression between 

conditions in the RNA-seq data, but downregulated in the Ribo-seq data upon NSUN5 

restoration (Figure 34B). 

 

Figure 34. NSUN5 recovery does not induce major changes in the overall transcriptome. 
(A) Pie chart summarizing RNA-seq results upon NSUN5 restoration in epigenetically-silenced 
LN229 cells under oxidative stress (100 µM H2O2). (B) Merging of transcripts without abundance 
differences according to RNA-seq data, and transcripts downregulated in Ribo-seq data upon 
NSUN5 recovery, identified 137 RNAs with potentially higher translational efficiency upon NSUN5 
epigenetic silencing (EV condition). (C) Pie chart showing RNA-seq results upon NSUN5 
restoration in a second glioblastoma cell line, A172. 
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The previously disclosed strategy was also validated in the loss-of-function DBTRG-

05MG model. Firstly, we carried out both RNA-seq and Ribo-seq experiments in 

hypomethylated and expressing DBTRG-05MG cells, Scramble- and shNSUN5-

transduced. We observed that depletion of NSUN5 expression in those cells did not 

affect the overall coding transcriptome, as only 0.5% of all transcripts had abundance 

differences, and the remaining 99.5% were unchanged (adjusted p-value < 0.01 and 

absolute log2 fold-change > 2). However, for the same conditions, we observed that 

2.2% transcripts showed differences in ribosome occupancy (p-value < 0.01 and 

absolute log2 fold-change > 0.5) (Figure 35A). As aforementioned, to better characterize 

the fraction of transcripts with enhanced translation upon NSUN5 epigenetic loss, we 

merged mRNAs unaltered between conditions in the RNA-seq data, with those 

upregulated in the Ribo-seq data upon shRNA-mediated loss of NSUN5. We observed 

a total of 787 transcripts with enhanced translational efficiency in NSUN5-depleted 

DBTRG-05MG cells compared to their Scrambled counterparts, and to confirm these 

observations we calculated the translational efficiency of those transcripts by applying 

the GLM as previously described (Figure 35A). A further characterization of this gene 

set with higher translational efficiency by means of GSEA showed, as described for the 

gain-of-function LN229 model, an overrepresentation of ontologies related to response 

to stress and metabolic adaptation (Figure 35B). 

Taken all together, our results suggest that loss of NSUN5 through an epigenetic 

mechanism in glioma cells leads to a global depletion of protein synthesis, but at the 

same time, it promotes a selective synthesis of proteins to help cope with cellular stress.  
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Figure 35. ShRNA-mediated depletion of NSUN5 increases the translational efficiency of 
specific transcripts. (A) Merge of transcripts unaltered in RNA-seq data with transcripts 
upregulated in Ribo-seq data upon NSUN5 depletion in DBTRG-05MG cells led to the 
identification of 787 RNAs with potentially higher translational efficiency upon NSUN5 loss (left 
panel). To confirm these results, translational efficiency for these transcripts was estimated from 
over-dispersion analysis of both RNA-seq and Ribo-seq measurements by applying a GLM (right 
panel). (B) Gene set enrichment analysis (GSEA) of the mRNAs with higher translational 
efficiency after shRNA-mediated depletion of NSUN5 in DBTRG-05MG cells (hypergeometric test 
with FDR adjusted p-value < 0.05). 
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NSUN5 epigenetic silencing as a hallmark of sensitivity to NQO1-targeting 
compounds 

Taking a deeper insight into the translational program arising upon loss of NSUN5 in 

glioma cells we found an interesting candidate for further validation: NQO1, a 

multifunctional antioxidant enzyme regulated by the Keap1/Nrf2/ARE pathway 216. NQO1 

mRNA levels in the NSUN5-restoration LN229 model were unaffected regardless of 

NSUN5 expression, according to RNA-seq data, and it was further confirmed by 

quantitative real-time PCR (Figure 36A). However, western blot analysis of NQO1 

showed higher protein levels in EV-transduced LN229 cells, confirming that NSUN5-

mediated NQO1 regulation occurs at the translational level (Figure 36B). Furthermore, 

analysis of the additional RNA-seq experiments showed that NQO1 mRNA neither 

showed abundance differences in LN229 EV- and NSUN5-transduced cells upon H2O2 

stress nor upon NSUN5 recovery into A172 glioblastoma cells (adjusted p-value < 0.01 

and absolute log2 fold-change > 2). And importantly, NQO1 was one of the transcripts 

with greater translational efficiency in EV-transduced LN229 cells undergoing oxidative 

stress, according to Ribo-seq data (p-value < 0.01 and absolute log2 fold-change > 0.5) 

(Figure 34B). 

In order to validate NQO1 translational regulation we quantified NQO1 mRNA 

abundance in polysome fractionations (polysome profiling) from EV- and NSUN5-

transduced LN229 glioblastoma cells. NQO1 mRNAs from EV-transduced LN229 cells 

were mostly found bound to polysomes rather than to single ribosomes, meaning that 

NQO1 is being highly translated (Figure 36C, left). And importantly, the polysome 

fraction extracted from NSUN5-silenced LN229 EV cells was significantly more enriched 

in NQO1 mRNAs, compared to its NSUN5-transduced counterpart (Figure 36C, right). 
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Figure 36. NSUN5 loss induces a higher translation of the stress-related enzyme NQO1.  
(A) NQO1 expression at the RNA level, determined by RNA-seq counts (left) and quantitative RT-
PCR (right), does not change upon NSUN5 recovery in LN229 glioma cells. (B) NQO1 protein 
levels decrease in LN229 cells upon NSUN5 restoration, determined by western blot. (C) 
Quantitative RT-PCR shows significantly higher abundance of the NQO1 mRNA in the polysome 
fraction of EV-transduced LN229 cells, compared to NSUN5-recovered LN229 cells. (D) NQO1 
transcript expression, determined by RNA-seq counts (left) and quantitative RT-PCR (right), does 
not change between Scramble and NSUN5-depleted DBTRG-05MG cells. (E) Western blot 
analysis shows increased NQO1 protein levels in DBTRG-05MG cells depleted of NSUN5 
expression.  
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NSUN5-mediated NQO1 translational regulation was characterized in the loss-of-

function model, as well. Ribo-seq data mining confirmed NQO1 as one of the specific 

transcripts with greater translational efficiency in DBTRG-05MG cells depleted of NSUN5 

expression (shNSUN5) (p-value < 0.01 and absolute log2 fold-change > 0.5). Similar to 

the LN229 gain-of-function model, NQO1 mRNA levels were unchanged between 

conditions (Scramble vs shNSUN5), both looking at the RNA-seq counts and analyzed 

by quantitative real-time PCR (Figure 36D), while its expression at the protein level was 

higher in DBTRG-05MG cells with shRNA-mediated depletion of NSUN5, in comparison 

to Scramble cells. (Figure 36E).  

All the results confirmed the selective translation of the stress-related enzyme NQO1 

upon epigenetic loss of NSUN5 in glioma cells, despite the overall inhibition of protein 

synthesis. This finding led us to wonder if NQO1 overexpression could be therapeutically 

exploited. There are bioactivatable compounds such as deoxynyboquinone (DNQ) and 

isobutyl–deoxynyboquinone (IB-DNQ) that, upon reduction by this stress-related 

enzyme, cause the rapid production of large quantities of ROS that push cells into their 

death 217. We thus wondered if NSUN5-hypermethylated tumors, with an enhanced 

NQO1 expression, may be more susceptible to targeting with NQO1 bioactivatable 

compounds. 

First of all, we tested DNQ growth inhibitory effect on the LN229 gain-of-function model, 

by analyzing cell viability through the SRB assay. We observed that upon restoration of 

NSUN5, and therefore downregulation of NQO1 protein expression (Figure 36B), LN229 

glioma cells were significantly more resistant to the inhibitory effect of the bioactivatable 

NQO1 substrate than EV-transduced cells (Student’s T test, p-value = 0,0056) (Figure 
37A). Next, with the aim of broadening the significance of our findings, we extended the 

assay to the GBM cellular set. First, NQO1 protein expression was assessed by western 

blot, and we observed that the three NSUN5 hypermethylated cells lines (A172, LN229, 

and KS-1) showed greater levels of expression compared to the three NSUN5 

hypomethylated cell lines (DBTRG-05MG, MO59J, and CAS-1), confirming the role 

exerted by NSUN5 in the translational regulation of the stress-related enzyme (Figure 
37B). Importantly, treatment of these cells with both, DNQ and IB-DNQ drugs, showed 

that NSUN5 hypermethylated cell lines were significantly more sensitive to the inhibitory 

growth effect of NQO1 bioactivatable substrates (z test, p-value < 0.0001) (Figure 37C). 
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Figure 37. NSUN5 epigenetic silencing confers sensitivity to NQO1-targeting compounds. 
(A) Representative experiment employing SRB assay for analyzing DNQ growth inhibitory effect 
on EV- and NSUN5-transduced LN229 glioma cells. IC50 values were calculated from the slopes 
in triplicates, and differences between curves were statistically estimated by Student’s T test. **p-
value = 0,0056. (B) Western blot showing NQO1 protein expression levels in the GBM cellular 
panel, according to NSUN5-promoter methylation status. (C) DNQ (left panel) and IB-DNQ (right 
panel) growth inhibitory effect on glioblastoma cells grouped by NSUN5-promoter methylated 
status, analyzed by SRB assay. NSUN5 hypermethylated cell lines (A172, LN229 and KS-1), with 
proven NQO1 overexpression, show significantly higher sensitivity to DNQ and IB-DNQ 
compared to NSUN5 unmethylated cell lines (DBTRG-05MG, MO59 J, and CAS-1). Dashed 
curves represent the 95% confidence interval (CI) for each group. Differences between curves 
were statistically estimated by z test. ****p-value < 0.0001. (D) Survival of mice intracranially-
inoculated with tumors derived from unmethylated DBTRG-05MG cells (left) and methylated A172 
(right) cells, according to treatment conditions (mock vs IB-DNQ treated groups). P-values were 
calculated by the log-rank test, and results of the univariate Cox regression analysis are shown 
by hazard ratio (HR) and 95% confidence interval (CI).  
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Finally, we moved to an in vivo setting, and studied the survival of orthotopically-injected 

nude mice undergoing IB-DNQ treatment. While we did not observe survival differences 

between mock and treated mice with tumors originating from the NSUN5 hypomethylated 

and expressing DBTRG-05MG cell line, with minimal expression of NQO1, we showed 

that IB-DNQ treatment significantly increased the survival of mice carrying tumors 

derived from the A172 glioma cell line, hypermethylated for NSUN5 and with higher 

NQO1 protein expression (Figure 37D). 

Overall, these observations suggest that NSUN5 hypermethylation could be used to 

distinguish glioma cells that are more sensitive to NQO1-targeting compounds.  

 

NSUN5 epigenetic silencing is associated with good clinical outcome 
 

Finally, we wondered if NSUN5 promoter methylation in human glioma could have any 

prognostic value. To address this question, we first analyzed the clinical data from the 

TCGA glioma cohort (n = 497) based on NSUN5 methylation status. Without taking tumor 

grade into account, we showed that NSUN5 hypermethylation was associated with 

longer overall survival (OS) (log-rank; p-value <10−5; hazard ratio [HR] = 5.17, 95% CI = 

2.78 – 9.61) (Figure 38A). A further analysis subdividing glioma samples based on tumor 

grade, as previously explained, provided similar results: NSUN5 hypermethylation was 

a predictor of better outcome both in LGG (log-rank; p-value = 0.044; hazard ratio [HR] 

= 2.05, 95% CI = 1.01 – 4.18) (Figure.) and GBM (log-rank; p-value = 0.012; hazard ratio 

[HR] = 8.26, 95% CI = 1.15 – 59.5) (Figure 38B, C). Similar results were obtained when 

analyzing TCGA glioma clinical data based on NSUN5 transcript expression: low NSUN5 

expression was associated with higher OS in all glioma cases (log-rank; p-value <10−5; 

hazard ratio [HR] = 4.57, 95% CI = 2.40 – 9.04) (Figure 38D). Low levels of NSUN5 

transcripts were also significantly associated with longer OS in LGG (log-rank; p-value = 

0.014; hazard ratio [HR] = 2.37, 95% CI = 1.16 – 4.84) (Figure 38E) and a similar fashion 

was observed for GBM (Figure 38F), although no statistical significance could be 

inferred due to the small number of cases with low NSUN5 expression (n = 2). 
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Figure 38. Transcriptional silencing of NSUN5 is associated with good clinical outcome in 
glioma. Kaplan-Meier analysis of OS in primary glioma tumors from the TCGA, from all grades 
(A), LGG (B), and GBM (C) according to NSUN5-promoter methylation status. Similar results 
were obtained by analyzing OS according to NSUN5 transcript expression levels in primary 
glioma tumors from the TCGA, from all grades (D), LGG (E), and GBM (F). P-values were 
assessed by the log-rank test, and results of the univariate Cox regression analysis are shown by 
hazard ratio (HR) and 95% confidence interval (CI).  

 

To confirm the prognostic value of NSUN5 methylation in glioma patients, we generated 

a validation cohort by obtaining new glioma samples (n = 115) and determining their 

NSUN5 methylation status by pyrosequencing. The validation cohort confirmed our 

findings: NSUN5 hypermethylation was associated with longer OS (log-rank; p-value = 

0.043; HR = 1.90; 95% CI = 1.01 – 3.58) and extended progression-free survival (PFS) 

(log-rank; p-value = 0.010; HR = 1.95; 95% CI = 1.16 – 3.27) (Figure 39). 

Clinicopathological features of both cohorts can be found on the Annexes section 

(Supplementary Table S1). 

 

Moreover, we observed that NSUN5 methylation was associated with glioma biomarkers 

of clinical benefit such as IDH1 mutation, co-deletion of 1p/19q and MGMT methylation 

(Supplementary Table S1). 
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Figure 39. A validation cohort confirms the prognostic value of NSUN5 methylation status 
in glioma. Kaplan-Meier analysis of OS (left) and PFS (right) in primary glioma tumors from the 
validation cohort (n = 115), according to NSUN5-promoter methylation status. Log-rank test p-
values are displayed, and results of the univariate Cox regression analysis are shown by hazard 
ratio (HR) and 95% confidence interval (CI). 

 

Finally, with the aim of determining if NSUN5 methylation is an independent biomarker 

of clinical outcome, we carried out a multivariate analysis for the TCGA cohort, including 

described biomarkers of glioma outcome (IDH1 mutational, 1p/19q co-deletion and 

MGMT methylation status) 218. Importantly, in the interrogated TCGA cohort, the 

multivariate Cox regression analysis showed that NSUN5 hypermethylation was a 

significant covariate (HR = 0.50; 95% CI = 0.26 – 0.94; p-value = 0.032), meaning that it 

is an independent predictor of longer OS in glioma (Figure 40). 
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Figure 40. NSUN5-promoter methylation is an independent predictor of longer OS in 
glioma. Forest plot showing results of the multivariate Cox regression analysis of OS in the TCGA 
primary glioma cohort (n = 497). Analysis includes different glioma prognostic factors together 
with NSUN5 methylation status. P-values and hazard ratios (HR) with a 95% of confidence 
interval (95%CI) are shown. Co-variables with p-value < 0.05 were considered as independent 
prognostic factors. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001. 
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STUDY II: Epigenetic loss of the RNA methyltransferase NSUN7 
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Identification of NSUN7 promoter hypermethylation in hepatocellular 
carcinoma 

Our aforementioned 450K methylation array data mining aiming to find epigenetically 

altered expression of m5C RNA methylation-related genes gave another candidate 

besides NSUN5, a second member of the NSUN family, NSUN7. NSUN7 promoter CpG 

island was found hypermethylated in several malignancies, and especially, in 74% (32 

of 43) of the melanoma cell lines studied, in 58% (7 of 12) of the hepatocellular carcinoma 

(HCC) cell lines, and 55% (83 of 149) of the haematological cancer cell lines, at the top 

rank (Figure 41A). Importantly, NSUN7 promoter CpG island was unmethylated in all 

the normal tissues studied (Data not shown).  

 

Figure 41. NSUN7 promoter hypermethylation in human cancer cell lines. (A) Percentage of 
human cancer cell lines, classified by primary tumor site, with a hypermethylated NSUN7 
promoter. Total number of cell lines is shown on top of each bar (n = 861). (B) Correlation analysis 
between NSUN7 promoter methylation (mean β-value) and NSUN7 transcript expression (Z-
score) in cancer cell lines (n = 861). Spearman’s rank correlation test with its p-value and the 
associated rho coefficient are shown. 
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Moreover, there seemed to be a correlation between promoter CpG island methylation 

and NSUN7 expression (rho= -0.65, p-value < 0.0001) (Figure 41B), what was pointing 

out to a cancer-mediated epigenetic silencing of this gene. To validate the mechanism 

of NSUN7-transcriptional silencing we decided to focus on one of the highest methylated 

malignancies, hepatocellular carcinoma (HCC).  

 

Figure 42. In silico-detected NSUN7 transcriptional silencing by promoter CpG island 
hypermethylation in the TCGA HCC cohort. (A) Heatmap representation of the methylation 
status of NSUN7 promoter-associated CpGs in human HCC tumors and normal liver samples. 
Every CpG has an absolute methylation level (β-value), ranging from 0 to 1. Green, unmethylated; 
red, methylated. (B) NSUN7-promoter methylation status (mean β-value) in TCGA HCC tumors 
and normal liver samples. (C) NSUN7-promoter methylation is inversely correlated with NSUN7 
transcript expression in TCGA HCC tumors (n = 194). Spearman’s rank correlation test p-value 
and rho coefficient are shown. (D) Box plots showing NSUN7 transcript expression (Z-Score) in 
unmethylated and methylated liver tumors from the TCGA cohort.  
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TCGA HCC tumors displayed a significantly higher NSUN7 promoter methylation, 

compared to normal liver samples (Figure 42A, B), and TCGA RNA sequencing data 

showed that NSUN7 hypermethylation was associated with transcript downregulation 

across tumor samples (rho = -0.63, p-value < 0.0001) (Figure 42C), being NSUN7 

significantly more expressed in hypomethylated tumors (β-value < 0.33) (Figure 42D).  

We observed similar results for the second HCC cohort: NSUN7 promoter displayed 

significantly higher methylation levels in liver tumors, in comparison to normal samples 

(Figure 43A, B). Moreover, expression microarray data from the HEPTROMIC cohort 

showed that NSUN7 promoter hypermethylation was inversely correlated to NSUN7 

expression (Figure 43C), being the NSUN7 transcript significantly more expressed in 

unmethylated tumors (β-value < 0.33) (Figure 43D).  

 

Figure 43. In silico-detected NSUN7 transcriptional silencing by promoter CpG island 
hypermethylation in the HEPTROMIC HCC cohort. (A) Heatmap representation of the 
methylation status of the CpGs considered, in primary HCC tumors and normal liver samples. 
Every CpG displays a methylation β-value that ranges from 0 to 1. Green, unmethylated; red, 
methylated. (B) NSUN7-promoter methylation status (mean β-value) is significantly higher in HCC 
tumors, compared to normal liver samples. (C) Correlation analysis between NSUN7 promoter 
methylation (mean β-value) and NSUN7 transcript expression (log2) in HEPTROMIC HCC tumors 
(n = 229). Spearman’s rank correlation test with its p-value and the associated rho coefficient are 
shown. (D) Box plots showing significantly higher NSUN7 transcript expression (log2) in 
unmethylated liver tumors from the HEPTROMIC cohort.  
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Functional characterization of NSUN7 promoter methylation-mediated 
silencing in HCC cells 

To experimentally validate the above-mentioned promoter methylation of NSUN7 in liver 

tumors, we moved to an in vitro setting. According to the methylation array data (Figure 
44A), three NSUN7 hypomethylated lines (HEP3B2-1-7, SNU-387, SNU-475) and three 

NSUN7 hypermethylated cell lines (SNU-423, SNU-398, HUH-7) were subjected to 

bisulfite genomic sequencing, using primers specifically designed to analyze the TSS-

associated CpG island. Results confirmed the promoter methylation pattern obtained 

with the DNA microarray (Figure 44C). Moreover, as aforementioned, NSUN7 promoter 

was found hypomethylated in normal liver tissues (Figure 44B), and the array results 

were validated by bisulfite genomic sequencing of one human liver sample (Figure 
44C).  

Importantly, SNU-423, SNU-398 and HUH-7 HCC cell lines, with proved 

hypermethylated promoter, showed minimal expression of NSUN7, analyzed by 

quantitative real-time PCR and western blot, whereas the hypomethylated HEP3B2-1-7, 

SNU-475 and SNU-387 cell lines showed NSUN7 expression, both at the RNA and 

protein levels (Figure 45A). Finally, treatment with the DNA-demethylating agent AZA 

restored NSUN7 transcript expression in the three hypermethylated cell lines (Figure 
45B), confirming DNA methylation as the epigenetic mechanism responsible for NSUN7 

silencing.  

Overall, these results confirmed that the NSUN7 gene undergoes a cancer-specific 

transcriptional silencing by promoter CpG island hypermethylation in HCC cell lines. 
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Figure 44. In vitro validation of NSUN7 promoter methylation in HCC cell lines. (A) Absolute 
methylation β-values of NSUN7 promoter-associated CpGs analyzed by the 450K methylation 
array. Green, unmethylated; red, methylated. Data from the six HCC cell lines, and (B) from 
representative normal liver samples. (C) Bisulfite genomic sequencing of NSUN7-promoter CpG 
Island in HCC cells, plus a normal liver sample. CpG dinucleotides are represented as short 
vertical lines, NSUN7 TSS is indicated by a black arrow, and unmethylated or methylated 
cytosines are represented as white or black squares, respectively. Single clones are shown for 
each sample (n > 10). 
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Figure 45. NSUN7 epigenetic loss in HCC cell lines. (A) NSUN7 expression at the RNA (left) 
and protein levels (right), analyzed by real-time PCR and western blot, respectively. (B) NSUN7 
transcript expression is restored in the three NSUN7 hypermethylated cell lines (SNU-423, SNU-
398 and HUH-7) by treatment with the demethylating agent AZA. RNA expression data shown 
represent the mean ± S.D. of biological triplicates, and p-values were calculated by a Student’s T 
test. ***p-value < 0.001, ****p-value < 0.0001. 

 

Development of cellular tools for investigating NSUN7 molecular function 

Having demonstrated NSUN7 loss in HCC, we aimed to study its contribution to the 

biology of these tumors. To this end, we developed loss- and gain-of-function models. 

To develop a NSUN7 loss-of-function model we knocked out its expression in the 

NSUN7-hypomethylated HEP3B2-1-7 cell line, via the CRISPR-Cas9 system. Three 

different sgRNAs were designed to target the Cas9 machinery to different NSUN7 exons 

within the SAM methyltransferase functional domain (Figure 46A). After obtaining a 

clonal population, we analyzed NSUN7 protein expression by western blot, and observed 

a NSUN7 knockout (KO) (Figure 46B). Conversely, NSUN7 wild-type expression was 

restored in the NSUN7-hypermethylated SNU-423 cell line (Figure 46E) by stable 

transduction of an integrative expression vector. Moreover, we developed a NSUN7 

enzymatically-defective protein (MUT) by introducing a point mutation at one of the 

cytosines involved in the catalysis (C439V) (Figures 46C, D), and SNU-423 HCC cells 

were transduced with the NSUN7 mutant version, as well (Figure 46E).  
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Figure 46. Development of NSUN7 loss- and gain-of-function models. (A) Schematic 
representation of the NSUN7 gene and its correspondent translation into protein. Triangles depict 
the target site of each gRNA. (B) Efficient CRISPR-mediated knockout of NSUN7 protein 
expression in the hypomethylated and expressing HEP3B2-1-7 HCC cell line. (C) Schematic 
representation of wild-type and mutated NSUN7 proteins. Triangle marks the point mutation 
introduced. The major functional domain (SAM_MT: SAM-dependent MT NOL1/NOP2/SUN 
domain) is displayed in blue. (D) Sanger sequencing of the NSUN7 mutant construct, confirming 
the substitution of the cysteine 439 by a valine. (E) Restoration of NSUN7 wild-type and mutated 
protein expression by stable transduction in epigenetically-silenced SNU-423 HCC cells, 
analyzed by western blot.  
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that two sperm-expressed transcripts were highly depleted in NSUN7-knocked out 

HEP3B2-1-7 cells, CATSPERG and ATP2B4 (PMCA4) (marked with an asterisk) 

(Figure 47A). We carried out quantitative real-time PCR analysis and validated the RNA-

seq data: upon NSUN7 knockout in HEP3B2-1-7 cells, CATSPERG and ATP2B4 

transcript levels were dramatically reduced (Figure 47B). 

 

Figure 47. NSUN7 loss is associated with depletion of two flagellar plasma membrane 
channels. (A) Heatmap representation of the top 30 most variable genes upon NSUN7 knockout 
in HEP3B2-1-7 HCC cell, according to the RNA-seq results. CATSPERG and ATP2B4 transcripts 
are marked with an asterisk. (B) Validation of CATSPERG and ATP2B4 transcript expression 
levels in NSUN7 wild-type and knocked-out HEP3B2-1-7 cells by quantitative RT-PCR. RNA 
expression data shown represent the mean ± S.D. of biological triplicates, and p-values were 
calculated by a Student’s T test. ****p-value < 0.0001. 

 

Our data, thus, showed that NSUN7 loss results in a dramatic reduction of the flagellar 

plasma membrane channels CATSPERG and PMCA4, both with described roles in 

sperm motility. Further research would be needed in order to connect the loss of these 

two flagellar channels to the sperm motility defects found in NSUN7-mutation-bearing 

infertile men. However, as it is not a cancer-related process, we moved our focus towards 

other biological effects of NSUN7 loss.  
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Unraveling NSUN7 catalytic role in HCC cells 

In order to uncover NSUN7’s target spectrum we carried out transcriptome-wide bisulfite 

sequencing (bsRNA-seq) in both loss- and gain-of-function models. We observed that 

lack of NSUN7 did not cause a major change in m5C sites in ‘well-recognised’ RNA types. 

However, we were still able to filter out around 39 mRNA sites that were differentially 

methylated depending on NSUN7 presence (≥ 20% change in non-conversion rate), 

although we did not observe overlap between the two sets of transcripts (HEP3B2-1-7 

NSUN7 WT vs KO and SNU-423 EV vs NSUN7). It is worth mentioning that putative 

NSUN7 target transcripts appeared methylated at low stoichiometries. 

In order to validate bsRNA-seq results, we next performed RNA bisulfite sequencing of 

those candidate mRNAs with a methylation fold-change > 0.30, from both the NSUN7 

KO and overexpression models. Interestingly, by this technique we identified a NSUN7 

methylation target conserved between both models, the CCDC9B mRNA, which codes 

for a putative RNA-binding protein. According to bsRNA-seq results, the C1324 of the 

CCDC9B mRNA, on the CDS, undergoes m5C methylation in a NSUN7-dependent 

manner. However, by RNA bisulfite sequencing not only C1324 but also C1322 and 

C1323 sites appeared to be methylated in the three NSUN7 unmethylated cell lines 

(HEP3B2-1-7, SNU-475 and SNU-387 cells), while NSUN7-silenced SNU-423, SNU-398 

and HUH-7 cells showed lack of methylation at these three sites (Figure 48). Strikingly, 

while the stoichiometry of C1322-1324 CCDC9B mRNA methylation in the NSUN7 

unmethylated cancer lines was low, all CCDC9B transcripts were fully methylated in the 

normal liver sample (Figure 48). To further confirm NSUN7 role in the deposition of 

m5C1322-1324 on the CCDC9B mRNA, we tested their methylated status in our in vitro 

models. We observed that upon NSUN7 KO in NSUN7-expressing HEP3B2-1-7 cells the 

methyl group was lost in the three positions (Figure 49A). Conversely, the NSUN7-

silenced SNU-423 cell line, already proven C1322-1324 CCDC9B mRNA unmethylated, 

recovered m5C mRNA methylation after restoration of the wild-type NSUN7 protein, and, 

importantly, restoration of the mutant NSUN7 version was unable to recover methylation 

at the three cytosines (Figure 49B). 



Results – Study II 

 136 

 

 

Figure 48. NSUN7 epigenetic loss abolishes the methyl group on the C1322, 1323 and 1324 
positions of the CCDC9B mRNA.  RNA bisulfite sequencing of multiple clones of CCDC9B 
transcripts from the HCC cell panel plus a normal liver sample, according to NSUN7-promoter 
methylation status. Cytosines are represented as short vertical lines, the bsRNA-seq target 
C1324 is indicated by a black arrow, and presence of a methyl group is represented as a black 
square. 
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Figure 49. NSUN7 methylates the C1322, 1323 and 1324 positions of the CCDC9B mRNA in 
HCC cells. RNA bisulfite sequencing of multiple clones of CCDC9B transcripts from NSUN7 WT 
and NSUN7 KO HEP3B2-1-7 cells (A), and EV- and NSUN7 wild-type and mutated-transduced 
SNU-423 cells (B). While loss of NSUN7 in HEP3B2-1-7 cells depletes m5C methylation on 
C1322-24 positions, its restoration into SNU-423 epigenetically silent cells restores the three 
methyl groups. Importantly, a catalytically-inactive NSUN7 protein is not able to restore the 
m5C1322-24 methylation status. Cytosines are represented as short vertical lines, the bsRNA-
seq target C1324 is indicated by a black arrow, and presence of a methyl group is represented 
as a black square. 
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To evaluate the effect of the m5C1322-24 loss upon NSUN7 epigenetic silencing, we 

analyzed CCDC9 expression in the HEP3B2-1-7 KO model. We observed a decreased 

CCDC9B expression both at the RNA and the protein level upon NSUN7 knockout 

(Figure 50A). To test if the methyl group plays a role in the stability of the CCDC9B 

mRNA, we carried out an Actinomycin D chase assay, to measure mRNA half-life. We 

observed longer CCDC9B transcript half-life in NSUN7-expressing and m5C1322-24 

methylated HEP3B2-1-7 cells compared to their NSUN7 KO counterparts (Figure 50B). 

 
Figure 50. Effect of NSUN7-mediated C1322-24 methylation on CCDC9B mRNA. (A) 
CCDC9B expression levels in NSUN7 wild-type and knocked out HEP3B2-1-7 cells, analyzed by 
quantitative RT-PCR (left) and western blot (right). (B) CCDC9B transcript half-life depending on 
NSUN7 expression, analyzed by Actinomycin D chase assay. 

 

All the above results allow us to establish that the human NSUN7 RNA methyltransferase 

is responsible for catalyzing the incorporation of a methyl group onto the 1322, 1323 and 

1324 cytosines of the CCDC9B mRNA, and these chemical marks contribute to transcript 

stability. Moreover, NSUN7 epigenetic silencing in HCC cells results in the loss of 

methylation at the three positions, leading to a decreased CCDC9B expression. 
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DISCUSSION 
 

RNA modifications have long been known by the scientific community, and yet, the 

absence of proper methods to measure or map them made the field unattended until the 

last decade. Recent technological and methodological advances, especially the 

development of transcriptome-wide sequencing techniques, have led to the discovery of 

several previously unknown RNA modifications in all domains of life, promoting, as well, 

research to uncover the molecular players depositing, decoding and removing those 

marks. This boost on the epitranscriptomic field brought to light the crucial role for RNA 

modifications along all steps of RNA life cycle and functions, and how disruptions in RNA 

modification-related enzymes and, therefore, altered single epitranscriptomes are 

associated with numerous diseases, including cancer. In fact, distinct epitranscriptomic 

mechanisms have been described to exert a role in the acquisition of different hallmarks 

of cancer, mainly by genetic mutations and aberrant expression of epitranscriptomic 

enzymes 183,184 .  

 

However, although the contribution of epigenetics to tumorigenesis has been vastly 

described 186,220, by the time this thesis was started, no epigenetic mechanisms affecting 

the expression of epitranscriptomic players had been described in cancer. This fact 

encouraged us to contribute to the cancer epitranscriptomics field by potentially 

identifying epigenetic alterations in epitranscriptomic players occurring in cancer.   

 

As the study of RNA modifications has been, all along its history, hampered by the 

existence of methods to detect every of them, we decided to focus our first dive into the 

epitranscriptomic field on a mark already familiar to the laboratory, 5-methylcytosine. 

m5C epitranscriptomic players described so far include 8 writers (NSUN1-7, DNMT2), 2 

readers (ALYREF, YBX1) and one eraser (ALKBH1). As the main epigenetic mechanism 

causing transcriptional silencing is gene promoter hypermethylation, we decided to 

assess the methylation status of the 11 m5C-related genes across about 1,000 cancer 

cell lines. Surprisingly, we found that two m5C methyltransferase genes, NSUN5 and 

NSUN7, were hypermethylated in several cancer cell lines from different origins (Figure 
8), what became the starting point of two independent studies. 
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STUDY I: Insights into the epigenetic loss of the m5C RNA 
methyltransferase NSUN5, and its contribution to gliomagenesis  
 

A closer look into NSUN5 promoter hypermethylation in cancer cell lines showed that 

methylation was enriched in tumoral cells from the CNS (Figure 10).  CNS tumors are a 

heterogeneous group of tumors that arise from CNS cells, and can be benign or 

malignant, being malignant brain tumors among the deathliest cancer types, with a 5-

year OS not higher than 35% 221. Thus, identification of a cancer-specific epigenetic 

silencing of NSUN5 appeared to us a great opportunity to better understand brain 

tumorigenesis, and potentially contribute to its clinical management.  

 

The most common adult malignant CNS tumors are gliomas, constituting 75% of all 

cases, with the remaining types including meningiomas, lymphomas, choroid plexus 

tumors, neuronal and mixed-glial tumors, tumors of the pineal region, or malignant 

peripheral nerve sheath tumors, among others. Gliomas have a neuroectodermal origin, 

arise from glial or precursor cells, and can be divided into astrocytomas, 

oligodendrogliomas and oligoastrocytomas (grades I-III) and glioblastomas (grade IV). 

The 2016 WHO classification of CNS tumors underwent a major restructuring in glioma 

nomenclature and grading from the previous 2007 version, by including for the first-time 

molecular markers besides the traditional histological and immunohistochemistry 

parameters, improving patient diagnosis and prognosis 211.  The most commonly used 

glioma molecular markers are IDH mutational status, 1p/19q codeletion and MGMT 

promoter methylation 218. Mutations in Isocitrate dehydrogenase 1 and 2 (IDH1 and 

IDH2) genes are an early event in gliomagenesis 222. Circumscribed low-grade gliomas 

(astrocytomas grade I) do not show IDH mutations, but they are frequently found in 

diffuse low-grade gliomas (> 70% in astrocytomas grades II and III; 100% 

oligodendrogliomas) and in 10% glioblastomas. Gliomas harboring IDH mutations show 

better prognosis, compared to their IDH wild-type counterparts 222. Likewise, the non-

balanced centromeric translocation t(1:19) (q10:p10) resulting in codeletion of 1p and 

19q chromosomes, is associated with better prognosis 223–225, and predicts sensitivity to 

alkylating agents 226. On the other hand, the DNA repair protein O6-methylguanine-DNA 

methyltransferase (MGMT) that removes mutagenic alkyl adducts from guanine bases, 

is commonly found silenced by promoter hypermethylation in glioblastomas (30-50% of 

IDH wild-type tumors) and oligodendrogliomas (>90%). MGMT promoter methylation 

confers sensitivity to alkylating agents such as temozolomide, and is associated with 

longer survival of patients 227–229.   
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We proved the existence of NSUN5 promoter hypermethylation in primary glioma tumor 

samples of all grades from the TCGA collection (Figure 10), and importantly, its 

unmethylated status in normal tissue samples. Our study, thus, confirmed NSUN5 

epigenetic alteration as a cancer-specific mechanism, being the first lesion described for 

this RNA methyltransferase in cancer.  

Next, by in silico mining NSUN5 transcript expression both in the COSMIC cell line 

collection and in the TCGA human glioma cohort, we observed that, as expected, 

NSUN5 hypermethylation was associated with transcript downregulation (Figures 11, 
12). Moreover, we experimentally validated NSUN5 translational silencing due to 

promoter hypermethylation both in a LGG cellular cohort and in a GBM cohort (Figures 
13-15). The reason to stratify glioma cells is because tumor grade profoundly impacts 

patient prognosis, with GBM showing an extremely unfavorable outcome (median OS for 

IDH-mutant glioblastomas is lower than 3 years, and for IDH-wild-type tumors lower than 

1 year) 211. Management of those patients with single-agent therapies has proven 

disappointing so far, and combination of different therapies is required, what leaves 

plenty of room for investigating new strategies, such as biomarker-targeted compounds. 

Studying NSUN5 implication in GBM tumorigenesis, may give rise to new drug target 

candidates for this devastating disease. 

To unveil which role the previously unknown epigenetic silencing of NSUN5 was playing 

in glioma, we evaluated its effect in tumorigenesis both in vitro and in vivo. While NSUN5 

restoration into silenced cells reduced cell viability, downregulation of NSUN5 by shRNA 

led to an increment of cell growth in vitro (Figure 16). Moreover, NSUN5-depleted tumors 

in xenograft mice, and later in orthotopic models, showed significantly higher growth and 

weight compared to tumors derived from glioma cells expressing the methyltransferase, 

and, consequently, mice harboring NSUN5-depleted tumors showed decreased OS 

(Figures 17, 18). These observations pointed out that NSUN5 displays tumor suppressor 

properties in glioma cells, a reason explaining its epigenetic silencing in glioma tumors. 

We then hypothesized that NSUN5 tumor suppressor role may be mediated by its 

methylation targets, at that point, still uncharacterized in human. An alignment of protein 

sequences of NSUN5 orthologues in yeast (Rcm1), worm (nsun-5) and mice (Nsun5) 

showed high conservation, specially within the RNA methyltransferase catalytic domain 

(Figure 19), and, most strikingly, alignment of the described targets for those 

orthologues (C2278 of the yeast 25S rRNA and C2381 of the worm 26S rRNA) 107,128 to 

the human and mouse 28S rRNA, showed that the rRNA region is extremely conserved 

across lower and higher eukaryotes (Figure 19). Moreover, it informed us that the C2381 
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and C2278 positions correspond to the cytosine 3782 of the human 28S rRNA, and to 

the 3438 of the mouse 28S rRNA. In order to validate if NSUN5 is responsible for 

methylating the C3782 of 28S rRNA in glioma cells, we employed two orthogonal m5C 

RNA methylation detecting methods, a bulk quantification of m5C levels by LC-MS and 

RNA bisulfite sequencing. Results showed how, both, LGG and GBM cell lines 

expressing NSUN5 displayed m5C3782 28S rRNA status, while NSUN5-depleted cell 

lines exhibited lack of methylation at this position (Figures 21-23). Moreover, to 

undoubtedly link NSUN5 methyltransferase activity to the presence of a methyl group on 

the C3782, we developed and ectopically expressed a NSUN5 catalytic defective protein 

and observed how it was unable to restore C3782 methylation status in NSUN5-

epigenetically silent cells (Figure 24). Therefore, our results described, for the first time, 

the human target for the m5C writer NSUN5. Importantly, not long after our discovery, 

another study confirmed NSUN5-mediated methylation of C3782 28S rRNA in HeLa 

cells, and Nsun5-mediated methylation of C3438 of the mouse 28S rRNA 230, confirming 

our predicted target position in the mouse transcriptome (Figure 19). 

The discovery of NSUN5 catalytic activity raised the question of how the loss of a methyl 

group on a cytosine on the 28S rRNA, due to NSUN5 epigenetic loss, could be of any 

advantage for the glioma tumorigenic process. Literature research proved that rRNA 

modifications play significant roles in ribosome structure and function. In fact, rRNAs 

undergo vast modifications mainly consisting of ribose (Nm) and base methylation, and 

pseudouridylations (Ψ). The modified sites cluster in functionally important ribosomal 

regions and are conserved from prokaryotes to eukaryotes, increasing their numbers 

with organismal complexity (36 in E. coli, 112 in yeast, and > 200 in human) 231. In fact, 

there are several reports proving the importance of rRNA modifications for proper 

ribosome function. As an example, a cluster of 10 Ψs in a helix located above the A-site, 

on the yeast LSU positively affects translational efficiency and fidelity 232. Moreover, 

removal of several 2’-O-methylations and Ψs in the yeast SSU decoding center, through 

depletion of their snoRNA guides, reduced translation fidelity impairing stop codon 

termination and reading frame maintenance 233 . Even the function of the peptidyl-

transferase center (PTC) is affected by rRNA modifications, as removal of Ψs in the PTC 

of yeast 25S rRNA resulted in rRNA structural changes that increased sensitivity to 

translation inhibitors and affected translational fidelity 234. Strikingly, in multicellular 

organisms, loss of rRNA modifications can have widespread consequences. Some 

instances are the developmental defects observed in zebrafish upon loss of a single Nm 

modification in the 28S rRNA 235, and the effects over lifespan and oogenesis in C. 

elegans caused by loss of nsun-1, and therefore, loss of m5C2381 on the 26S rRNA 108. 
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Altered rRNA modification patterns have also been proposed to contribute to 

tumorigenesis 236. For instance, changes in rRNA 2’-O-methylation patterns through p53-

mediated control of FBL expression leads to changes in stop codon read-through and 

enhanced translation of Internal Ribosome Entry Sites (IREs)-containing oncogenic 

mRNAs 237. Moreover, patients of X-linked dyskeratosis congenita (X-DC), a syndrome 

characterized by mutations in the rRNA pseudouridine synthase DKC1 gene, exhibit 

higher risks of developing cancer 238. Molecular insights revealed how the consequent 

hypopseudouridylation of rRNA in X-DC patients specifically impairs the translation of 

IREs-containing mRNAs, such as those of the tumor suppressor genes TP53 and 

CDKN1B 239,240. 

Regarding our specific C3782 base methylation, its conserved position in the yeast 25S 

rRNA, C2278, is also described to exert a phenotype upon loss of its methyl group. 

Sharma et al., described that depletion of NSUN5-orthologue Rcm1 increased yeast 

sensitivity to anisomycin, potentially through alterations in the structure of the 25S rRNA 
107, and Gigova et al., confirmed that loss of a cluster of methylations including m5C2278 

induces structural changes causing ribosome instability under high-salt conditions 241. 

Therefore, we next sought to evaluate if loss of methylation at the C3782 site upon 

NSUN5 epigenetic silencing could impact ribosomal biogenesis and/or ribosomal 

structure. As we did not observe differences in the levels of mature rRNAs depending on 

NSUN5 presence or absence, we ruled out m5C3782 implication in pre-rRNA processing 

(Figure 28), and decided to analyze potential structural changes on the ribosome. To 

this end we carried out MD simulations of a sub-region of the 28S rRNA comprising 

C3782 microenvironment under two scenarios: with an unmethylated site and with the 

presence of the methyl group. Simulations showed how loss of the methyl group may 

impair several base pairs potentially leading to a conformational change of a hairpin 

expose to the P-site of the LSU, whose function is interacting with the tRNA and the 

mRNA, ensuring the stability of the tertiary complex rRNA–tRNA–mRNA 212 (Figure 29). 

Therefore, lack of m5C3782 through NSUN5 epigenetic silencing might be causing a 

structural distortion in the P-site cavity that would impair physiological protein synthesis.  

To experimentally validate the suggested impairment of protein synthesis, we carried out 

OP-Puro and [3H] leucine incorporation for assessing de novo global translation. 

However, under basal conditions, we did not observe significant differences in overall 

protein synthesis between NSUN5-expressing (m5C3782 methylated) and NSUN5-

epigenetically silent (C3782 unmethylated) glioma cells (Data not shown). These results 

are in agreement with two independent reports in yeast by Sharma and Schosserer et 
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al., where comparisons between polysomal profiles of wild-type and Rcm1 knock-out 

cells did not reveal differences in the distribution of polysomes, 80S monosomes and 

free 60S and 40S subunits 107,128. Polysome profiles provide snapshots of translationally 

active ribosomal populations, with shifts from polysome peaks to monosomes or even 

free subunits meaning decreased active translation and even disturbed ribosome 

assembly 242. Therefore, unaltered profiles rule out translation differences. Nonetheless, 

Schosserer et al., did observe a shift of actively transcribed polysomes towards the 80S 

monosome peak under oxidative stress treatment of Rcm1-deficient yeast cells 

compared to wild-type cells, meaning a reduction of global translation happening upon 

loss of m5C2278 25S rRNA methylation. For that reason, we decided to assess de novo 

global translation under two different stress conditions, oxidative stress through H2O2 

treatment, and nutrient deprivation. Surprisingly, under both stress scenarios, we 

observed a significant reduction in overall protein synthesis in NSUN5-silenced C3782-

hypomethylated glioma cells, compared to NSUN5-expressing cells, both endogenously 

and by ectopic restoration (Figures 30, 31).  

Since it has been described that oxidative stress affects translational fidelity, promoting 

stop codon read-through and codon misreading 215, Schosserer et al., estimated the 

translational efficiency of individual transcripts in Rcm1 wild-type and knock-out cells, 

with and without oxidative stress. They observed that, while wild-type cellular 

translatomes were only affected by the stress treatment, for Rcm1 knock-out cells even 

under unstressed conditions, the absence of m5C2278 was leading to a decreased 

translational fidelity and an increase in the presence of stress-related mRNAs in actively 

translating polysomes, despite they had not observed major differences in global 

translation. Then, under stress, they observed fewer differentially translated mRNAs 

between conditions. In fact, a third of the transcripts translationally regulated by H2O2 

treatment in wild-type cells where already differentially expressed in basal Rcm1-

depleted cells. Therefore, loss of Rcm1 was leading to a pre-activated translational 

stress response for an improved counteraction of cellular stress conditions.  

As our results indicated that epigenetic loss of NSUN5 in glioma cells, and its 

consequently lack of m5C3782 methylation is associated with an impairment of global 

protein synthesis under stress conditions, suggesting a conserved phenotype between 

yeast and human cells, we decided to test if NSUN5-silenced cells promote, as well, the 

translation of specific transcripts to cope with cellular stress despite their global inhibition 

of protein synthesis. To this end, we estimated total RNA expression (RNA-seq data) of 

the epigenetically-silent LN229 glioma cell line upon ectopic restoration of NSUN5, and 
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compared it to the fraction of those transcripts being actively translated within polysomes 

(Ribo-seq data), under basal conditions. We observed how, while the LN229 

transcriptome was mainly unaltered regardless NSUN5 presence, more than three 

thousand transcripts showed ribosome occupancy differences between conditions 

(Figure 32). In order to characterize the putative translational program arising upon 

NSUN5 epigenetic loss, we took a deeper look into those transcripts with higher 

ribosome occupancy in the absence of NSUN5, and validated how up to 1987 mRNAs 

had a higher translational efficiency in NSUN5-epigenetically silent LN229 cells (Figure 
32). Importantly, GSEA clustering of those transcripts revealed an overrepresentation of 

pathways related to cancer and the ribosome, and gene ontologies related to cellular 

and metabolic adaptation to stress (Figure 32). The same experimental strategy was 

followed for the NSUN5-loss-of-function model, and similar results were obtained: while 

depletion of NSUN5 in unmethylated DBTRG-05MG glioma cells did not affect the overall 

coding transcriptome, it affected the ribosome occupancy of more than 2% of mRNAs. 

Indeed, almost eight hundred transcripts showed enhanced translational efficiency upon 

loss of NSUN5 (Figure 35), and similarly, we found an overrepresentation of ontologies 

related to response to stress and metabolic adaptation among them (Figure 35).  

 

Next off, we evaluated the translational behavior of cells under oxidative stress, carrying 

out the same battery of experiments already disclosed in the LN229 gain-of-function 

model. As we had already observed under basal cellular conditions (Figure 32), 

restoration of NSUN5 had minimal effect on the overall transcriptome (Figure 34). 

However, Ribo-seq data revealed fewer differentially translated transcripts between 

conditions upon H2O2 treatment, an order of magnitude smaller (Figure 34). All our 

results, then, are in agreement with Schosserer et al., described phenotype in yeast. 

Loss of NSUN5 through an epigenetic mechanism in glioma cells leads to an overall 

depletion of protein synthesis, but at the same time, it enhances the selective synthesis 

of stress-response mRNAs. Even in the absence of stress, loss of NSUN5, and therefore, 

lack of m5C3782-modified ribosomes drives the pre-activation of a translational stress-

response program for a rapid modulation of cytoplasmic translation upon stress. As the 

exchange of modified rRNAs to unmodified ones is a slow process, requiring turnover of 

ribosomes, it is reasonable that NSUN5 activity could be modulated by long-term chronic 

stress, what would explain how its epigenetic loss is more frequently found in LGG 

patients (Figure 10), as it would help the tumorigenic process from its early stages. 

Tumors at initial stages remain avascular, with associated consequences ranging from 

low oxygen availability (hypoxic stress) to nutrient starvation 243,244, and such unfavorable 
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microenvironments may exert a selective pressure that favors the survival of stress-

reluctant NSUN5-silent cells.  

 

To deepen our knowledge into the specific translational program driven by NSUN5 

epigenetic silencing, we next carried out a proteomic approach to assess differentially 

expressed proteins between epigenetically-silent LN229 cells, and those same cells 

restored of NSUN5 expression. We detected 128 proteins differentially expressed 

between conditions, and a gene functional annotation analysis showed pathways and 

gene ontologies related to response to stress, mismatch repair and RNA processing 

(Figure 33). Importantly, a closer look into the proteins downregulated upon NSUN5 

restoration (meaning they are greater expressed in the absence of the 

methyltransferase) revealed that 26% of them were deriving from transcripts undergoing 

higher translational efficiency upon NSUN5 loss, according to the Ribo-seq results 

(Figures 32, 33). These results, thus, confirmed the ‘activated’ cell status driven by 

NSUN5 silencing in glioma, allowing cells to better respond to stress environments.  

 

Nonetheless, it is worth mentioning that, although the discovery that the rRNA was the 

ribosome component responsible for catalyzing the peptide bond formation relegated 

RPs to a scaffolding role, recent evidence suggests that almost half of RPs are essential 

for ribosomal function, and some even required for its catalytic activity 245–248. Therefore, 

our discovery that NSUN5 may have a wider target spectrum and could be mediating 

m5C modification of a number of RP mRNAs from the LSU (Figure 26) should be 

considered in line with our results. In an attempt to validate the putative, never described, 

NSUN5 mRNA targets, we were only able to confirm NSUN5 role in methylating the 

m5C524 of RPL41 mRNA. Importantly, we showed higher RPL41 mRNA stability in 

NSUN5-expressing C524-methylated cells compared to NSUN5-lacking cells (Figure 
27). Hence, if NSUN5 epigenetic loss could be impairing some RPs expression in a m5C-

dependent manner, we cannot rule out its implication in the phenotype observed. 

Strikingly, eL41, the yeast RPL41 orthologue, has been described to directly contact the 

Rcm1-mediated m5C2278 modification in the LSU, and to form a bridge between the 

LSU and the SSU decoding center, acting as an axis for SSU rotation during translation 
249,250. This mechanism would imply a rRNA modification checkpoint in order to maintain 

ribosomal translational efficiency. If conserved in humans, it may be an explanation of 

the observed unaltered translation upon NSUN5 loss under basal conditions: impaired 

RPL41 expression through loss of m5C524 of RPL41 mRNA could bypass the lack of 

m5C3782 28S rRNA methylation. However, substantial experimental work should be 

performed in order to rise further conclusions.  
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Despite the new avenues of research opened up, we next decided to keep interrogating 

our described stress-response program, in this case for potential drug target candidates. 

An illustrative example of the translational program in NSUN5-silenced cells is provided 

by the NAD(P)H quinone oxidoreductase 1 (NQO1), a multitarget antioxidant enzyme. 

While NQO1 mRNA level is unchanged regardless NSUN5 expression, its translational 

efficiency is enhanced upon loss of the methyltransferase, resulting in a higher NQO1 

protein expression in NSUN5-depleted cells (Figure 36). Validation of NSUN5-

hypermethylation-mediated NQO1 overexpression represented a milestone in our study, 

as it opened up a new therapeutic opportunity for glioma management. NQO1 is a 2-

electron reductase in charge of detoxification of a variety of xenobiotics, including 

quinones, quinoneimines, nitroaromatics and azo dyes 216. Its expression is regulated 

through the Keap1/Nrf2/ARE pathway, one of the major signaling cascades for stress 

response 251. NQO1 has been found overexpressed in several solid tumors, including 

breast, lung, colon and pancreatic cancers, while its expression is normally quite low in 

normal tissues 217, fact that made the enzyme a promising target for selective anticancer 

strategies. However, different NQO1 inhibitors failed to exert cancer cell growth inhibition 
252. Nevertheless, another targeting strategy is showing promising results: to exploit 

NQO1 catalytic function to induce a ROS-mediated cancer cell death. The 2-electron 

reduction of quinones carried out by NQO1 is typically considered to detoxify them, as 

hydroquinones are stable and can be eliminated through conjugation to glutathione or 

glucuronic acid. However, some hydroquinones are not stable and can rapidly be re-

oxidized by molecular oxygen, giving rise to the generation of superoxide. To date, three 

NQO1 bioactivatable substrates have been described to generate large ROS quantities 

upon reduction: streptonigrin, β-lapachone and deoxynyboquinone (DNQ) 217, being the 

last one the most efficient NQO1 substrate. In fact, DNQ has been described to potently 

induce cancer cell death in vitro, mediated by the generation of > 60 mol of ROS per 

mole of drug each minute, and validated through the fact that its cytotoxic action is 

strongly reduced by cotreatment with antioxidants or by treatment in a reduced oxygen 

atmosphere  253.  
 

Luckily, we were kindly provided of DNQ by Dr. Paul Hergenrother (University of Illinois, 

USA), as well as of a DNQ derivative developed by his laboratory, isobutyl-DNQ (IB-

DNQ), with increased solubility and superior pharmacokinetics for in vivo experiments 
254,255. First, we evaluated DNQ and IB-DNQ growth inhibitory effects in an in vitro setting. 

As expected, NSUN5-silenced cells, with higher NQO1 protein levels, were significantly 

more sensitive to the inhibitory growth effect of NQO1 bioactivatable substrates than 

NSUN5 endogenously or ectopically-expressing cell lines (Figure 37). Importantly, we 
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were able to validate our findings in an in vivo setting, showing how mice harboring 

NSUN5-depleted subcutaneous tumors displayed an increased OS when treated with 

IB-DNQ, compared to the mock group, while no survival differences were observed 

between mock and treated mice with tumors originating from a NSUN5-expressing 

glioma cell line, with minimal expression of NQO1 (Figure 37). Therefore, our results 

described how NSUN5-promoter hypermethylation pinpoints glioma tumors that could 

benefit from the treatment with NQO1 bioactivated small molecules. 
 

Finally, we wondered if NSUN5 promoter methylation may show any translational 

implication for glioma patients. Analysis of both, the TCGA glioma cohort (n = 497) and 

a newly obtained glioma validation cohort (n = 115) revealed how NSUN5 methylation, 

and its associated transcript silencing, are associated with better patient outcome 

(Figures 38, 39). Moreover, multivariate Cox regression analysis proved NSUN5-

promoter hypermethylation to be an independent prognostic biomarker, as valuable as 

the currently validated molecular markers for glioma management, already explained 

(IDH mutational status, 1p/19q codeletion and MGMT promoter methylation) (Figure 40). 

 

The apparent contradiction between the observed in vitro phenotype, assigning a tumor 

suppressor role for the RNA methyltransferase in glioma cells, and the clinical data, 

suggesting longer survival of those glioma patients with silenced NSUN5 expression, 

resembles another feature of glioma tumors: the occurrence of IDH mutations. As 

already disclosed, IDH mutations are especially prevalent in human glioma, observed in 

more than 80% of WHO grade II/III cases 222. Aside CNS malignancies, IDH mutations 

are also found in 16% of acute myeloid leukemia cases 256, 23% of intrahepatic 

cholangiocarcinomas 257, and more than half chondrosarcomas 258. Cancer-associated 

IDH mutations are heterozygous, and remarkably specific to codons encoding the 

arginine residue responsible for substrate recognition (R132 in IDH1, and R140 or R172 

in IDH2) 259. IDH enzymes form homodimers and carry out the oxidative decarboxylation 

of isocitrate to α-ketoglutarate (α-KG), reducing NADP+ to NADPH 260. However, 

heterozygous IDH1 mutations results in tumoral IDH1 heterodimers, with a wild-type 

monomer converting isocitrate to α-KG and producing NADPH, whereas the mutant 

component, with a decreased affinity for isocitrate, exhibits a neomorphic activity 

converting α-KG into D-2-hydroxyglutarate (D-2-HG) in an NADPH-dependent manner 
261. This neomorphic activity of IDH1 mutant enzymes has been shown to give rise to a 

vast metabolic reprogramming in cancer cells: It depletes the Krebs cycle by draining α-

KG through production of D-2-HG. To compensate for the metabolic impact, non-Krebs-

cycle sources of carbohydrates such as glutamine and/or glutamate are recruited to 
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maintain metabolic homeostasis 262,263. In addition, IDH mutant consumption of NADPH 

for the generation of D-2-HG impairs de novo lipogenesis, turning IDH mutant cells 

dependent on exogenous lipid sources 264. Furthermore, lactate dehydrogenase A 

(LDHA), a critical enzyme for the Warburg phenotype is commonly found downregulated 

by promoter hypermethylation in IDH-mutant gliomas 265. IDH-mutant glioma tumors, 

thus, instead of displaying the prevalent cancer-associated increased glycolysis to 

sustain high proliferation rates, exhibit a limited glycolytic capacity. This unique metabolic 

pattern, compared to other solid tumors, explains the slow-growing nature of IDH mutant 

gliomas, and therefore, the better prognosis of the patients. 

 

NSUN5-promoter hypermethylation might constitute another example of the particular 

biological nature of glioma tumors, as well. According to our results, the epigenetic loss 

of NSUN5 leads to a hypomethylation event at a specific position of the 28S rRNA, at 

the large ribosomal subunit, that depletes global protein synthesis but prearranges cells 

to cope with cellular stress through the specific translation of stress-related transcripts. 

Cancer cells normally exhibit enhanced protein synthesis rates to sustain, as already 

mentioned, their oncogenic proliferation, typically through gene amplification of 

translation initiation factors (EIF) or oncogenic alterations affecting MYC, MAPK or PI3K-

AKT-mTOR signaling pathways, which converge in activation of translation 266,267. 

Nonetheless, protein synthesis is a double-edged sword that can, eventually, turn around 

them. Exacerbated protein synthesis rates increase the likelihood of generation of 

misfolded or damaged proteins that will accumulate and aggregate within the 

endoplasmic reticulum (ER) and even in the cytosol. The consequent proteotoxic stress 

can activate the unfolded protein response (UPR) that might end up triggering cell death 

if homeostasis is not achieved 268,269. Therefore, and especially in the context of facing 

unfriendly environments, such as those characterized by oxidative, hypoxic, genotoxic, 

proteotoxic, or metabolic stress, a strategy followed by cancer cells is to shut down 

overall protein synthesis, blocking this way a highly energy-consuming process and 

avoiding UPR-triggered apoptosis. But at the same time, the translation of specific 

mRNAs, destined to cope with such unfriendly conditions is enhanced. The fact that the 

translation process, and therefore, the cellular proteome could adapt to environmental 

cues is in great part achieved through ribosome heterogeneity. The classical view of the 

ribosome as a static ‘molecular machine’ is currently outdated, and there is mounting 

evidence of heterogeneous ribosome populations able to target specific mRNAs to fine-

tune translation in a tissue-specific, context-specific, and even within the same cell, in a 

spatially-dependent manner, what has been called ‘specialized ribosomes’ 231,250,270. 

Ribosome heterogeneity can be achieved through variant rRNA alleles, incorporation of 
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RP paralogs or changes in RP stoichiometry, post-translational RP modifications, and, 

as the example provided by this thesis, altered or substoichiometric rRNA modifications 
231. Several further examples of specialized ribosomes fine-tuning translation under 

stress scenarios have been found in all domains of life. For instance, nutrient-deprived 

conditions induce the expression of the specific 16S rRNA variant rrnH in E. coli, and 

rrnH-containing ribosomes promote the translation of RpoS, a master regulator of the 

stress-response cascade 271. In C. elegans, loss of Metl-5, and its mediated m6A1717 on 

the 18S rRNA, promotes the specific translation of cyp-29A3, rendering knockout worms 

more resistant to a variety of stress conditions than their Metl-5 wild-type counterparts 
272. Likewise, exposure of yeast cells to osmotic stress induces RP paralog switching 273, 

while other study shows how it also increases the abundance of Rps26-deficient 

ribosomes, that selectively translate stress-related transcripts 274. Another report by Shi 

and colleagues showed how heterogenous ribosomes with different RP composition 

preferentially translate specific pools of mRNAs in mouse embryonic stem cells (mESCs) 
275. Importantly, one of the substoichiometrically expressed RP was Rpl10, whose 

transcript is putatively m5C-modified by NSUN5 in glioma cells, according to our results 

(Figure 26). Hence, a potential explanation of how C3782-hypomodified ribosomes upon 

NSUN5 loss specifically promote the translation of stress-related transcripts could be 

their substoichiometric expression of some RPs, due to lack of NSUN5-mediated m5C-

methylation of their transcripts. If validated, it would postulate NSUN5 as a major 

regulator of the cellular translational machinery and would explain its conserved 

presence from unicellular to highly complex superior eukaryotes.  

 

To conclude, it is imperative to keep in mind how, nowadays, the prognosis for advanced 

forms of glioma tumors is extremely poor, and therapeutic options beyond surgical 

resection and first-line chemotherapy are limited 211. Despite the substantial progress 

made in the last decade to uncover the molecular basis of brain tumors, it has not been 

materialized into effective therapies. Some of the reasons are the poor blood-brain 

barrier drug permeability, the redundancy of intracellular signaling pathways or the lack 

of targetable biomarkers 221. Therefore, the identification of NSUN5 DNA methylation-

associated silencing in human gliomagenesis, if validated in larger prospective studies, 

may serve for the identification of those glioma patients who, in the context of a 

devastating disease, are likely to have a good clinical outcome. Besides, patients 

harboring NSUN5 hypermethylation might benefit from an alternative therapeutic 

approach, consisting of a targeted therapy with NQO1 bioactivated small molecules.  
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STUDY II: Epigenetic loss of the RNA methyltransferase NSUN7 
in Hepatocellular Carcinoma (HCC) 
 

The screening of 450K array-derived DNA methylation data comprising the promoter 

regions of 11 m5C methyltransferase genes from around 1,000 cancer cell lines allowed 

the identification of two candidate enzymes that could potentially exert tumor suppressive 

roles. Besides NSUN5, another member of the NSUN family was, as well, 

hypermethylated in a number of cancer cell lines. A closer look into NSUN7 promoter 

hypermethylation revealed its enrichment in melanoma, HCC and haematological cancer 

cell lines (Figure 41).  We then decided to direct the focus of our study towards HCC, as 

the only published paper concerning NSUN7 molecular function pointed out to a role in 

fine-tuning energy metabolism in liver cells 153.  

 

The observed robust negative correlation between NSUN7 promoter methylation status, 

and its transcript levels in TCGA and HEPTROMIC HCC tumor samples (Figures 42, 
43), on the one hand, and NSUN7 expression recovery in HCC cancer cell lines upon 

DNA demethylation treatment on the other (Figure 45), demonstrated the functional role 

of promoter methylation in mediating NSUN7 silencing in HCC.   

 

HCC is the most common type of primary liver tumor, accounting for almost 90% of all 

cases 276. Liver cancer remains a global health threat, as its incidence continues 

increasing, especially in some parts of Europe, and the USA 277. To date, liver cancer is 

considered the sixth most frequent cancer type, and the fourth leading cause of cancer-

related death worldwide 278, but if this trend is maintained it is proposed to reach the third 

death-causing position by 2030 279. The reason lies in HCC-associated risk factors. The 

main risk factors for development of HCC tumors are the infection by hepatitis B (HBV) 

and C virus (HCV) 280,281, that explains why the highest incidence and mortality of this 

cancer type are described in Africa and East Asia 277, where there are not universal HBV 

vaccination programs implemented or surveillance for HCV infection 282,283. Nonetheless, 

as mentioned, HCC incidence is becoming more frequent in the West, owing to an 

increased alcohol consumption, to the higher prevalence of obesity-driven non-alcoholic 

steatohepatitis (NASH), and to a NASH associated with metabolic syndrome or diabetes 

mellitus 284,285. 

 

Due to the asymptomatic disease progression, and the lack of early diagnostic 

biomarkers, only 40% to 50% of patients with HCC are diagnosed at early stages, when 
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ablative therapies, such as liver resection or transplantation, are feasible 286,287. Yet, up 

to 40% of patients are diagnosed at an advanced stage, when are no longer eligible for 

ablative treatments, and depend on systemic therapies 287. At present, there are only six 

systemic therapies approved based on phase III trials (sorafenib, lenvatinib, combination 

of atezolizumab and bevacizumab, regorafenib, cabozantinib and ramucirumab) 278. 

However, multikinase inhibitors such as sorafenib and lenvatinib have proven to extend 

patient overall survival by less than one year 286, what makes imperative to continue 

investigating new avenues of treatment. The main obstacle remains HCC biology itself, 

as the principal mutational drivers promoting tumorigenesis (TERT, TP53, CTNNB1) are 

so far undruggable 286,288. In fact, only around 25% of HCC tumors display targetable 

mutations with available anticancer therapies, and the majority of those, show a 

prevalence lower than 10% 289. Hence, further understanding of HCC tumor biology is 

needed in order to improve its clinical management. While epigenetic research has 

already proven its utility when translated into clinics 38,290,291, the progressive 

understanding of epitranscriptomic mechanisms, RNA modifications and their modifiers 

may, as well, eventually become valuable for clinical purposes. Therefore, our 

identification of an epitranscriptomic lesion, highly prevalent in HCC tumors, may 

contribute to any of the unmet clinical needs.  

 

Consequently, we decided to address NSUN7 putative function, hypothesizing it would 

be the cause of its silencing in HCC tumors. In mice, Nsun7 has been described to 

colocalize with PGC-1α at enhancer regions of the genome, where it mediates m5C 

modification of eRNAs, which affects the expression of their cognate genes. Some of the 

genes whose expression is modulated through Nsun7-mediated eRNA-methylation are 

Pfkl, Sirt5, Idh3b, and Hmox2 153. In our initial attempt to decipher NSUN7 role in human 

cells, we assessed if those genomic distal regulatory regions encoding Pfkl, Sirt5, Idh3b, 

and Hmox2 eRNAs were conserved between mice and human, and observed lack of 

conservation (Data not shown). Accordingly, an in silico analysis of PFKL, SIRT5, IDH3B 

and HMOX2 expression in the TCGA and HEPTROMIC cohorts revealed no differences 

in transcript expression regardless both, NSUN7-promoter methylation status and 

NSUN7 transcript expression (Data not shown). These results point out that Nsun7 role 

in mediating m5C methylation of eRNAs might not be conserved in humans, or at least 

not of those specific target genes.  

 

Hence, in order to uncover NSUN7’s target spectrum we carried out transcriptome-wide 

bisulfite sequencing (bsRNA-seq) in both loss- and gain-of-function models, as we did 

for NSUN5. However, while with NSUN5 overexpression we observed a clear increase 
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in m5C sites across the transcriptome, with NSUN7 manipulation we did not detect such 

‘mass effect’. Some reasons explaining our modest results could be that NSUN7 does 

not really target many RNAs that are detectable at a moderate sequencing depth, or that 

the majority of NSUN7 target sites occur at low stoichiometry, being their detection 

hampered by technical limitations. Even so, we were still able to filter out around 39 

mRNA sites that were differentially methylated depending on NSUN7 presence (absolute 

methylation fold-change > 0.2). Despite unsatisfactory, our results go in line with recent 

top-down studies aiming to characterize m5C RNA writers through unbiased 

transcriptome-wide methods 135,136. These studies reported that almost all m5C sites in 

mRNA are deposited either by NSUN2 or NSUN6. Likewise, we cannot rule out NSUN7 

role in methylating eRNAs, as not many of these molecules were detectable at the 

sequencing depth employed.  

 

Next off, we experimentally validated one of the previously disclosed mRNAs as a 

NSUN7 target, the CCDC9B transcript. Through RNA bisulfite sequencing we 

demonstrated how HCC lines endogenously or ectopically expressing NSUN7 displayed 

m5C1322-1324 status, how NSUN7-depleted cell lines exhibited lack of methylation at 

the three positions, and importantly, that restoration of a catalytically-dead NSUN7 

version was unable to recover methylation at the three cytosines (Figures 48, 49). 

Moreover, we observed how loss of m5C modifications reduced CCDC9B transcript half-

life (Figures 50). The subsequent step after validating a human NSUN7 target was to 

wonder how loss of CCDC9B m5C-methylation and consequent reduced CCDC9B 

expression through NSUN7 epigenetic loss could be of any profit for HCC tumors. 

However, a literature review revealed that little is known about CCDC9B (also known as 

C15ORF52). Nevertheless, a study published in 2012 by Castello et al., establishing the 

HeLa mRNA interactome by RNA interactome capture (RIC), identified CCDC9B as a 

novel RNA binding protein (RBP) that specifically binds mRNAs  292. Moreover, a 

posterior work by Hein and colleagues, determining the HeLa protein interactome in 

three quantitative dimensions, suggested CCDC9B physical interaction with THOC1 and 

THOC7 293. These proteins are members of the transcription-and-export (TREX) 

complex, in charge of recognizing mature mRNAs at the nucleus, and exporting them to 

the cytoplasm 294,295. The TREX complex can be found across all eukaryotes, and it is 

composed by the multi-subunit THO complex (including THOC1, -2, -3, -5, -6 and -7), 

the RNA helicase DDX39B, and an RNA export adapter, oftentimes constituted by the 

m5C reader protein ALYREF 296. Additional TREX interactors have been described under 

different cellular contexts 297, influencing the core machinery and promoting the export of 

specific transcripts 298,299. All the previous evidence, hence, may reveal CCDC9B as a 
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novel mRNA export factor through interaction with TREX components. And what is more, 

NSUN7-mediated CCDC9B altered expression in HCC cells may be affecting the 

translation of specific mRNAs through impairment of their nuclear export.  In order to 

unveil CCDC9B role in HCC we are currently carrying out two high-throughput 

approaches: CCDC9B-IP coupled to MS, to identify the interactome of the putative RBP, 

and individual-nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP), to 

uncover RNA binding targets of CCDC9B. Results of both experiments will hopefully 

shed light into NSUN7 role in human cells, and why its epigenetic deregulation is 

frequently observed in cancer.  

 

Additionally, although not cancer-related, it is worth mentioning our preliminary insights 

into NSUN7 potential novel biological roles. Interestingly, mining our RNA-seq data we 

observed that upon NSUN7 knockout, two transcripts coding for flagellar plasma 

membrane channels (CATSPERG and ATP2B4) were dramatically depleted. As already 

stated in the Introduction section, several studies have described that NSUN7 point 

mutations are associated with sperm motility defects both in mice and human, and are 

found in infertile men 149–152. Sperm movement is activated by changes in intracellular ion 

concentration, achieved by an increase in pH, calcium ion and cAMP. The sperm 

membrane specific, calcium-selective ion channel CatSper is located in the sperm 

flagellum and is required for the hyperactivation of sperm motility in the oviduct. CatSper 

is composed by four main α subunits and three auxiliary subunits, being CatSperγ 

(CATSPERG) one of the latest. Importantly, knockout experiments in mice have 

suggested that all CatSper subunits are required for proper channel assembly, with the 

absence of a single subunit leading to the degradation of the remaining CatSper proteins 
300. Moreover, the Plasma membrane Ca2+-ATPase PMCA4 (ATP2B4), also found in the 

principal piece of the sperm flagellum, has, as well, being described to be essential for 

proper hyperactivation of sperm flagellum movement 301. Therefore, loss of both flagellar 

channels upon NSUN7 loss might represent the molecular basis behind the infertility 

phenotype observed in NSUN7-mutation-bearing men. In fact, some of the characterized 

mutations result in an impairment of NSUN7 protein function, such as the Ste5Jcs1 

mutation, that generates a premature stop codon leading to a truncated catalytic domain 
149, or the C26232T-transition and T26248G-transversion mutations that affect protein 

folding and ligand binding sites 151. Such evidence would suggest that NSUN7 catalytic 

activity is needed for proper sperm motility. Further experiments are then required in 

order to link NSUN7 RNA methyltransferase function to CATSPERG and PMC4 

expression 151. So far, we can exclude both CATSPERG and ATP2B4 transcripts as 

direct NSUN7 methylation targets, as bsRNA-seq results did not prove the existence of 



Discussion 

 157 

differentially methylated cytosines in those transcripts, based on NSUN7 expression. 

However, we cannot rule out an indirect effect over CATSPERG and PMC4 expression 

mediated by a NSUN7-methylated target.
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CONCLUSIONS 
 

STUDY I: Insights into the epigenetic loss of the m5C RNA 
methyltransferase NSUN5, and its contribution to gliomagenesis  
 

1. NSUN5 expression is epigenetically regulated through CpG-island promoter 

methylation in human cancer. 

2. Human glioma cells undergo promoter hypermethylation-mediated silencing of 

NSUN5. 

3. NSUN5 shows tumor suppressor properties both in vitro and in vivo. 

4. NSUN5 is a m5C RNA methyltransferase whose loss generates an unmethylated 

status at the C3782 position of human 28S rRNA. 

5. NSUN5 epigenetic loss drives an overall depletion of protein synthesis, along 

with the emergence of an adaptive translational program for survival under 

conditions of cellular stress. 

6. NSUN5 epigenetic inactivation promotes NQO1 overexpression, which in turn 

renders gliomas sensitive to NQO1-targeted substrates. 

7. NSUN5 epigenetic inactivation is a hallmark of glioma patients with longer overall 

survival. 

 

This work was published in: 

Janin, M. & Ortiz-Barahona, V. et al. Epigenetic loss of RNA-methyltransferase NSUN5 

in glioma targets ribosomes to drive a stress adaptive translational program. Acta 

Neuropathologica 138, 1053-1074 (2019). 

For all the supplemental information related to this study and not included in this thesis, 

please refer to the paper.   
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STUDY II: Epigenetic loss of the RNA methyltransferase NSUN7 
in Hepatocellular Carcinoma (HCC) 
 

1. NSUN7 expression is epigenetically regulated through CpG-island promoter 

methylation in human cancer. 

2. Human HCC cells undergo promoter hypermethylation-mediated silencing of 

NSUN7. 

3. NSUN7 is a m5C RNA methyltransferase responsible for catalyzing the 

incorporation of a methyl group onto the 1322, 1323 and 1324 cytosines of the 

CCDC9B mRNA. 

4. NSUN7 epigenetic loss drives a dramatic reduction of the flagellar plasma 

membrane channels CATSPERG and PMCA4, with described roles in sperm 

motility. 
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ANNEXES 
 

Supplementary Table 1: Association between prognostic factors and NSUN5 methylation 
status in TCGA dataset and validation cohort of glioma patients. 

CHARACTERISTICS 
Glioma TCGA dataset 

NSUN5 methylation (N = 497) 
Glioma VALIDATION cohort 
NSUN5 methylation (N = 115) 

 Unmethylated Methylated 
P* 

   Unmethylated Methylated P* 
 N (%) N (%) N (%)  N (%)  N (%) N (%)  

           
Age (years)    

    
  

 
<50 282 (56%) 192 (68%) 90 (32%) 0.090  47 (41%)  30 (64%) 17 (36%) 0.052 
>50 213 (43%) 160 (75%) 53 (25%)   68 (59%)  55 (81%) 13 (19%)  

Unknown 2 (1%) 0 (0%) 2 (100%)  
 0 (0%)  0 (0%) 0 (0%)  

Gender  
         

Male 267 (54%) 187 (70%) 80 (30%) 0.074  68 (59%)  51 (75%) 17 (25%) 0.830 
Female 228 (45%) 165 (73%) 63 (27%)   47 (41%)  34 (72%) 13 (28%)  

Unknown 2 (1%) 0 (0%) 2 (100%) 
 

 0 (0%) 
 

0 (0%) 0 (0%) 
 

Grade of glioma   
   

  
    

Low-grade glioma 374 (75%) 237 (63%) 137 (37%) <10-5***  41 (36%)  25 (61%) 16 (39%) 0.026* 

Glioblastoma 123 (25%) 115 (93%) 8 (7%) 
 

 
74 (64%) 

 
60 (81%) 14 (19%) 

 
Treatment     

    
  

 
Radiotherapy 221 (44%) 140 (63%) 81 (37%) <10-5***  8 (7%)  4 (50%) 4 (50%) 0.187 

Temozolamide 9 (2.5%) 9 (100%) 0 (0%)  
 49 (43%)  39 (70%) 10 (30%)  

Radiotherapy + 
Temozolamide 

82 (16%) 74 (90%) 8 (10%) 
 

 
33 (29%) 

 
24 (73%) 9 (27%) 

 
Others 9 (2.5%) 9 (100%) 0 (0%)  

 11 (9%)  6 (54%) 5 (46%)  
No treatment 169 (34%) 113 (67%) 56 (33%)   6 (5%)  6 (100%) 0 (0%)  

Unknown 7 (1%) 7 (100%) 0 (0%) 
 

 8 (7%) 
 

6 (75%) 2 (25%) 
 

IDH1 mutational 
status 

   
 

 
 

 
  

 
Wild-type 203 (41%) 187 (92%) 16 (8%) <10-5***  54 (47%)  47 (87%) 7 (13%)    10-4***  
Mutated 294 (50%) 165 (56%) 129 (44%)   29 (25%)  13 (45%) 16 (55%)  

Unknown 0 (0%) 0 (0%) 0 (0%) 
 

 
32 (28%) 

 
25 (78%) 7 (22%) 

 
Co-deletion 1p/19q     

    
  

 
No co-deletion 349 (65%) 261 (75%) 88 (25%) 0.002**  17 (15%)  10 (59%) 7 (41%) 0.999 

Co-deletion 1p/19q 131 (26%) 77 (59%) 54 (41%)   16 (14%)  9 (56%) 7 (44%)  
Unknown 17 (4%) 14 (82%) 3 (18%) 

 
 82 (71%) 

 
66 (80%) 16 (20%) 

 
MGMT methylation 
status 

   
 

 
 

 
  

 
Unmethylated 240 (48%) 194 (81%) 46 (19%) <10-5***  25 (22%) 

 
19 (76%) 6 (24%) 0.432 

Methylated 257 (52%) 158 (61%) 99 (39%)   56 (49%)  45 (80%) 11 (37%)  
Unknown 0 (0%) 0 (0%) 0 (0%)   34 (29%)  21 (62%) 13 (38%)  

           
 

Footnote: *P-value represents Fisher's exact test or Chi-square function whenever required: statistical 
significance under 0.05*, 0.01** and 0.001*** 
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