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Abstract

RNA methylation is an abundant modification identified in various RNA species in both
prokaryotic and eukaryotic organisms. However, the functional roles for the majority of these
methylations remain largely unclear. In eukaryotes, many RNA methylations have been suggested
to participate in fundamental cellular processes. Mutations in eukaryotic RNA methylating
enzymes, and a consequent change in methylation, often lead to the development of diseases and
disorders. In contrast, loss of RNA methylation in prokaryotes can be beneficial to
microorganisms, especially under antibiotic pressure. Here we discuss several recent advances in
understanding mutational landscape of both eukaryotic and prokaryotic RNA methylating
enzymes and their relevance to disease and antibiotic resistance.
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Introduction

RNA methylation is one of the simplest and most abundant post-transcriptional
modifications (Figure 1). Methylation is present in all types of RNA and in all kingdoms of
life; however, the distribution of various methylation types and their abundance varies
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among archea, bacteria and eukaryotes [1]. With recent advances in whole-genome
sequencing, novel methylation sites are being identified at an increasing rate [2*,3*,4].
Methylations are introduced by RNA methylating enzymes, which are mechanistically
diverse and can be divided into three broad groups based on the electronic demand of the
substrate. Nucleobase heteroatoms and ribose hydroxyl groups are methylated by enzymes
utilizing an Sy2 displacement mechanism between the nucleophilic heteroatom and
electrophilic methyl group of S-adenosyl-L-methionine (SAM) (e.g. ref [5-7]). Methylation
of C5 carbon atoms of cytosine and uridine is accomplished by enzyme-mediated conjugate
addition, which builds nucleophilic character at the substrate carbon (e.g. ref [8,9]). Unique
among RNA methylating enzymes are those that methylate C2 and C8 carbons of adenosines
via a distinctive radical mechanism [10-14].

Functional roles of numerous RNA methylations are diverse and depend on the location and
type of RNA molecule being modified. RNA methylations have been implicated in the
regulation of RNA stability, RNA quality control, antibiotic susceptibility, mMRNA reading
frame maintenance, and immune response, among others. In eukaryotes, nucleotide
methylations regulate a wide range of fundamental cellular processes, and mutations in these
methylating enzymes have been associated with human diseases, including cancer and
neurological disorders [15,16,17*,18-31]. In prokaryotes, many rRNA and tRNA
methylations are not essential, and not a single rRNA methylation is critical for cell survival
[32*]. Consequently, loss-of-function mutations in RNA methylating enzymes are common
and under specific conditions beneficial. In this short review, we will focus on several
nucleobase methylations where either gain- or loss-of-function mutations in respective RNA
methylating enzymes have been directly linked to human health.

Loss of RNA methylation in prokaryotic ribosomal RNA

The most common rRNA modification in bacteria is methylation of nucleobases. Various
methylations are tightly clustered in functional regions of the ribosome: peptidyl-transferase
center, decoding centers, and ribosomal subunit interfaces. None of these base methylations
are essential; however, they are thought to improve the efficiency and fidelity of mMRNA
decoding by the ribosome. As the bacterial ribosome represents a major antibiotic target,
modulation of rRNA methylation has also emerged as a mechanism of antibiotic resistance.
While hypermethylation of antibiotic site has long been recognized as a common way to
antagonize antibiotic binding, several instances of antibiotic resistance as a consequence of a
loss of physiological methylation of the nucleobase have emerged (Table 1) [33,34]. The
resulting aberrant RNA methylation alters the antibiotic binding site, affecting the
antibiotic’s ability to inhibit translation. Additionally, lack of most physiological RNA
methylations has a minor effect on the cell fitness, enabling bacteria to easily adapt to
antibiotic-rich environments. This loss of methylation is conferred by loss-of-function
mutations in physiological RNA methylating enzymes, and often results in low-level
antibiotic resistance that can support emergence of high-level resistance mechanisms [35**—
39]. For example, inactivating mutations in the physiological RNA methyalting enzyme
KsgA were first detected in the £. coliisolate resistant to kasugamycin [40]. The
kasugamycin resistance was caused by the lack of KsgA-mediated dimethylation at A1518
and A1519 of 16S rRNA [35**]. Though both nucleotides are located far from the drug-
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binding site, the X-ray crystal structure of the 30S ribosomal subunit from a 7. thermophilus
KsgA mutant indicates that lack of dimethylation of these two consecutive nucleotides
causes a conformational change that likely affects the kasugamycin binding site (Figure 2)
[41]. Inactivation of another physiological RNA methylating enzyme RsmG, which
methylates m’G527 in 16S rRNA, leads to low-level streptomycin resistance [36,38].
Interestingly, RsmG loss-of-function mutations, detected in the streptomycin-resistant
clinical isolates of M. tuberculosis, emerge spontaneously at a high frequency, and support
the rapid appearance of other mechanisms that confer high-level resistance to streptomycin
[38].

Methylation of G745 in 23S rRNA (m1G745) is a conserved modification in all gram-
negative bacteria and is installed by RImA!. Inactivation of RImA!, detected in an £, coli
isolate, leads to a decrease in the translational efficiency and cell growth, and confers
moderate resistance to viomycin [6]. Though viomycin binds to the interface of ribosomal
subunits distal from G745, it has been suggested that the presence of mG at nucleotide 745
could have an allosteric effect on antibiotic binding [42]. Similarly, inactivation of RImA!!, a
homolog of RImA! that methylates G748 (m1G748), leads to low-level resistance to
telithromycin and is a common mechanism of resistance detected in clinical isolates of S.
pneumoniae [39]. Contrary to viomycin, telithromycin binds in the close proximity to G748,
where the methylation of G748 contributes to stabilization of telithromycin binding to the
ribosome. Importantly, loss-of-function mutations in RImA!! were detected in all
telithromycin-resistant S. preumoniae clinical isolates reported in a study by Takaya et al.,
however the extent of the telithromycin resistance depended on the presence of other
resistance mechanisms [39].

Finally, inactivating mutation in RImN, an enzyme that methylates C2 position of A2503
(m2A\) in the peptidyltransferase center region of the ribosome, has been shown to cause
linezolid resistance in a methicillin-resistant S. aureus (MRSA) clinical isolate [43,44].
Similar loss-of-function mutations accompanied by mutations in 23S rRNA and ribosomal
proteins have been observed in clinical isolates of linezolid resistant S. capitis [45].
Recently, we have shown that absence of m2A at A2503 leads to tiamulin resistance [37].
Using directed evolution under antibiotic selection, we have evolved variants of RImN that
confer resistance to tiamulin. These variants act as dominant negative proteins that prevent
methylation of 23S rRNA by endogenous RImN in WT E. coli. Though lack of endogenous
m2A leads to low-level antibiotic resistance, it has minimal effect on the cell fitness, and as a
result loss-of-function mutations in RImN can easily emerge [37,43,45]. Furthermore, in
combination with other modes of resistance, absence of methylation at A2503 can result in
highly resistant pathogens [45]. These findings indicate the importance of monitoring the
mutation status of endogenous rRNA methylating enzymes in antibiotic-resistant pathogens.

Alterations in RNA methylation in eukaryotic non-coding RNA

5-methylcytosine

5-Methylcytosine (m°C) is a widespread mark in the transcriptome of eukaryotes [2], and its
various biological roles in non-coding RNA (ncRNA) have been recently reviewed in detail
[24]. In multicellular organisms, m®C modifications in ncRNAs are installed by DNA
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methyltransferase homolog Dnmt2 and NSun-domain RNA methyltransferase family
members, both of which exhibit broad substrate specificity. For example, Dnmt2, NSun2 and
NSun6 methylate cytosolic tRNA. While Dnmt2 methylates position 38 in several tRNAs,
NSun2 targets multiple cytosines in the variable loop of most tRNAs [46]. NSun6
methylates cytosine 72 at the 3" end of the tRNA acceptor stem of cysteine and threonine
tRNAs [47]. Lack of m®C in tRNAs leads to endonucleolytic cleavage resulting in tRNA
fragments that cause translational defects by interfering with efficient transpeptidation or by
inducing codon-specific mistranslation [48,49]. The precise role of m>C mark and its
respective RNA methylating enzymes in human health is currently unclear. Both gain-of-
function and loss-of-function mutations in RNA methylating enzymes have been detected
and linked to development of cancer, autoimmune diseases, and variety of intellectual
disability syndromes [15,22,23,25,28,50]. Specifically, loss-of-function mutations in NSun2
have been linked to autosomal-recessive intellectual disability (ARID) and a Dubowitz-like
syndrome (Table 2) [15,22,23,28]. Studies in patients were further supported by knockdown
and rescue experiments in Drosophila, and additional functional studies in mice showed that
these mutations prevent NSun2 localization to the correct cellular organelles [15,28]. On the
other hand, both upregulation and gain-of-function mutations in Dnmt2 have been detected
in different cancer tissues, where increased activity of Dnmt2 increases the metabolic
activity of human cancer cell lines [19,50]. This is the only example of gain-of-function
mutation within the scope of this review that we have identified in the literature. A common
gain-of-function mutation is a substitution of Glu63 by a Lys. Interestingly, this residue is
located on the back-side of Dnmt2, far from the active site. It was suggested that the Glu to
Lys substitution and subsequent change in the charge of the residue 63 may either increase
the binding of the tRNA substrate or lead to allosteric activation of the enzyme [50]. These
possibilities remain to be tested.

Another member of NSun family that methylates tRNA is NSun3. Recently, it was
discovered that NSun3-mediated methylation at the wobble cytosine position in
mitochondrial tRNAMét s necessary for efficient mitochondrial protein synthesis [51**].
Thus, loss-of-function mutations which abrogate the production of full-length NSun3 lead to
the development of mitochondrial respiratory chain disorder (Table 2) [51**].

Recently, several other NSun family members, namely NSunl, 4 and 5, have been described
to methylate cytoplasmic and mitochondrial rRNA. The 5-methylcytosine modification in
rRNA is crucial for ribosome biogenesis [52]. Loss of NSunl- and NSun4-mediated
methylation affects ribosomal subunit and polysome assemblies, leading to inhibition of
translation [24,52]. On the other hand, NSun5-mediated methylation of cytoplasmic rRNA
does not play a role in polysome assembly but alters translational fidelity under certain
conditions [53]. While loss-of-function mutations in these enzymes have not been identified
nor associated with any diseases, deletion of NSunl has been linked to the development of
Cri-du-Chat syndrome (Table 2) [27].

N1-methyladenosine

Another prominent and frequently methylated nucleotide in ncRNA is N1-methyladenosine
(m1A). Typically found at position 58 in select tRNAs, m!A is installed by the Trmt6/
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Trmt61A complex in cytoplasmic tRNAs and by Trmt61B in mitochondrial tRNAs. The
presence of m!A in tRNA is critical for stabilizing the initiator tRNAMet [54]. N1-
methyladenosine is also present at A947 in mitochondrial 16S rRNA and is installed by
Trmt61B in all vertebrates [55]. Since this nucleotide is located near one of the intersubunit
bridges, it is possible that this Trmt61B-mediated methylation plays a role in mitochondrial
translation. Decreased expression of Trmt61B has been observed in Alzheimer’s disease and
ER-negative breast cancer (Table 2) [17,26]; however, it is unclear if the global reduction of
Trmt61B-mediated methylation or rather hypomethylation of a specific Trmt61B substrate is
responsible for disease development.

N1-methylguanosine

One of the less studied ncRNA methylations is 1-methylguanosine (m1G). In yeast, Trm10 is
an RNA methylating enzyme responsible for methylation of nucleotide G9 in several tRNAs.
Three Trm10 orthologs have been identified in humans, one mitochondrial and two
cytoplasmic. Recently identified nonsense mutations in one of the cytoplasmic orthologs,
TRMT10A, have been associated with microcephaly, intellectual disability, epilepsy, and
adolescent onset diabetes (Table 2) [20,21]. These nonsense mutations lead to either
reduction in TRMT10A expression through the introduction of an early stop codon or to a
complete loss of TRMT10A activity via a Gly206Arg mutation. Interestingly, loss of
catalytic activity is caused by deficient binding of the methyl donor, SAM, while binding of
RNA substrate is not affected [20].

N2,N2-dimethylguanosine

Post-transcriptional N2,N2-dimethylguanosine (m22G) modification is one of the first
identified RNA modifications [56]. It is present at the position 26 in most nuclear and
mitochondrial tRNAs, where together with other tRNA modifications assists in proper
folding and stability of tRNA [57-59]. In mammals, enzyme responsible for placing this
mark is TrmT1. Recently, it was shown that lack of functional TrmT1 leads to alteration in
global protein synthesis and perturbation in redox homeostasis, including hypersensitivity to
oxidation agents [30]. Inactivation of TrmT1 has been identified as the cause of ARID
(Table2) [29,60]. Mutations detected in patients with ARID led to expression of a truncated
protein that cannot bind tRNA substrate [30].

Loss of RNA methylation in messenger RNA

The most abundant modified nucleotide in eukaryotic mRNA is Né-methyladenosine (m®A)
[61*]. The majority of m6A modifications are localized in 5"-UTRs, around the stop codons,
and in 3’-UTRs adjacent to stop codons [4,62]. In accordance with its localization within
UTRSs, the presence of m8A has been shown to affect mMRNA stability and translation [63—
65]. This modification has also been found in introns; however, the exact role of méA in
splicing is not understood. In mammals, the deposition of m6A is carried out by a
multicomponent methyltransferase complex, which consists of methyltransferase-like 3
protein (METTL3), METTL14, Wilms tumor 1-associated protein (WTAP) and KIAA1429.
It was recently demonstrated that METTL3 is the sole methyltransferase, while METTL14
positions RNA substrate for methylation by METTL3 [66*].
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The Tyr406Cys loss-of-function mutation in METTLS3 has been identified in the patients
with colon cancer (Table 2) [19]. This mutation appears to prevent proper interaction
between METTL3 and its RNA substrate, thus affecting methylation. Additionally, loss-of-
function METTL14 mutations have been identified in patients with endometrial cancer
[16,19]. A common mutation is Arg298Pro, where residue 298 is located within a basic
patch on the interface between METTL3 and METTL14 and is also adjacent to the
METLLS3 active site. This mutation seems to affect both the rate of methylation and RNA
substrate specificity through allosteric changes [66*].

Two additional methylation marks identified in eukaryotic nRNA are m1A and m®C. While
m®C is a well-established eukaryotic mMRNA modification [67], the presence of m1A in
MRNA has only been recently identified [3*,68]. The biological roles of both of these
modifications are unknown, but it has been suggested that m>C is a dynamic mark with a
potential regulatory role [68]. Additionally, transcriptome-wide mapping revealed that m1A
peaks are highly enriched within 5"-UTRs and in the vicinity of start codons [3*],
suggesting that m*A may promote translation. The RNA methylating enzyme responsible for
installing mA mark is currently unknown, and future work will be essential to identify key
mediators of mA methylation and how their misregulation affects human health. The
enzyme identified to methylate cytosine at the C5 position in mRNA is a well-known tRNA
methyltransferase, NSun2. Presence of inactivating mutations in NSun2 has been linked to
several human diseases. Since NSun2 additionally methylates several ncRNAs, it is unclear
whether lack of specific Nsun2-mediated methylation or lack of all NSun2-mediated
methylations is linked to the development of certain intellectual disorders [15,22,23].

Finally, it is interesting to draw parallels between prokaryotic and eukaryotic mMRNA
methylation. Recently, it was reported that m8A is also a widespread mark in bacterial
mRNA [69]; however, the RNA methylating enzyme responsible for installing this
modification is still unknown and no METTL3 or METTL14 homologs have been identified.
Importantly, unlike in eukaryotes where m6A is a dynamic modification [70,71], m6A seems
to be a stable mark during bacterial growth, suggesting that prokaryotes and eukaryotes
regulate this modification by different mechanisms [69]. Additionally, neither mA nor m°C
have been identified in prokaryotic mMRNA; however, with the recent discovery of méA in
prokaryotic mRNA, it is possible that m*A and m°C modifications are present in all
kingdoms of life as well [69].

Conclusions and future directions

In recent years, our understanding regarding the biological roles of RNA methylations has
increased significantly largely due to the identification of RNA methylating enzymes
responsible for installing these marks. Changes in activities of RNA methylating enzymes,
usually through loss-of-function mutations, have been linked to many diseases. Loss-of-
function mutations are more common than the gain-of-function mutations, and interestingly,
loss of catalytic activity can be achieved through just a few mutations, often far from the
active site. In certain instances, such inactivated enzymes can still retain their ability to bind
RNA substrate and act as dominant negative proteins, as is the case for RImN and
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TRMTL10A. Further structural and biochemical studies are necessary to reveal whether and
how these mutations affect SAM binding or catalysis.

Additionally, little is known about the mechanism by which loss of methylation leads to a
specific phenotype. For example, with exceptions of the KsgA- and RImA!'-mediated rRNA
methylations, it is unknown how loss of rRNA methylation leads to antibiotic resistance.
Unfortunately, this mechanism is often understudied, and low-level antibiotic resistance is
usually not detected by standard susceptibility testing nor is screened for in clinical settings.
Additional studies are necessary to understand how lack of modifications in rRNAs affects
the structure and function of the prokaryotic ribosome, as these mechanisms represent a
gateway to high-level, clinically relevant resistance. Similarly, it remains largely unknown
how changes in RNA methylation in eukaryotes contribute to disease pathology and whether
these changes are causative of the disease or simply a result of disease-induced cellular
alterations.

Lastly, new advances are needed to further our understanding of RNA methylation. These
include new transcriptome-wide methods to detect RNA methylations, especially in low
abundant RNAs, and new strategies to identify RNA methylating enzymes since several
methylation sites have yet undiscovered cognate enzymes responsible for placing these
marks. Improvements of recently developed techniques, such as RNA-immunoprecipitation
methods followed by next generation sequencing, are likely to accelerate this area of
research [2,4,62,72]. Additionally, identification of the regulatory pathways that control the
activity of RNA methylating enzymes as well as identification of RNA demethylases for
dynamic RNA methylation marks will be necessary to truly understand the biological
function of RNA methylations. Ultimately, this knowledge will aid the development of
small-molecule inhibitors for pharmacological modulation of RNA methylation in disease.
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Highlights

- Methylations of nucleobases regulate a wide range of fundamental cellular
processes.

- Distribution of RNA methylation is not uniform across different kingdoms of
life.

- Mutations that modulate the activity of eukaryotic RNA methylating enzymes
are linked to human diseases.

- Loss-of-function mutations in prokaryotic RNA methylating enzymes can be
beneficial in the presence of antibiotics.
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Figure 1.

Structures of methylated nucleotides with their corresponding RNA methylating enzymes
discussed in this review. Eukaryotic RNA methylating enzymes are noted in green and
prokaryotic enzymes in blue. R represents RNA.
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Figure 2.
Structural changes induced by the lack of KsgA-mediated methylation in 7. thermophilus

30S ribosomal subunit. Methylation of A1518 and A1519 is necessary for the formation of a
hydrogen-bonding network between two helices, and stabilization of kasugamycin’s binding
site. (A) Crystal structure of the wild-type, fully methylated 30S subunit (PDB 1J5E).
Resolution of the structure (3.05 A) prevented modeling of methylation. (B) Crystal
structure of the 30S subunit from AksgA strain (PDB 30TO).
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Ribosomal RNA methylating enzymes associated with antibiotic resistance in bacteria, where resistance is
conferred by the absence of specific methylations of RNA nucleobases.

Gene encoding methylating Methylated nucleotides (E. coli numbering)  Position of methylation

Antibiotic resistance phenotype

enzyme

rimN A2503, 23S rRNA Cc2 Linezolid
Tiamulin
Virginiamycin My

rimAl G745, 23S rRNA N1 Viomycin

rimAH G748, 23S rRNA N1 Telithromycin

ksgA A1518 & A1519, 16S rRNA N6, N6 Kasugamycin

rsmG G527, 16S rRNA N7 Streptomycin
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Table 2

Human diseases associated with inactivation of enzymes that modify RNA nucleobases.

RNA methylation

Type of RNA  Methyltransferase gene

Human disease

msC 25 rRNA nsuni Cri-du-chat syndrome [27]
tRNA, mRNA  nsun2 Autosomal recessive intellectual disability [15,22,28]
Dubowitz-like syndrome [23]
mt tRNA nsun3 Cardiomyopathy [51]
Respiratory chain deficiency [51]
tRNA anmit2 Cancer [19,50]
miA mt tRNA trmt61B Alzheimer’s disease [26]
mt 16S rRNA ER-negative breast cancer [17]
méA mRNA mettl3 Colon cancer [19]
mettl14 Endometrial cancer [16,19]
mlG tRNA trmt10A Young onset diabetes [20,21]
Microcephaly [20,21]
Epilepsy [21]
Intellectual disability [20,21]
m22G tRNA trmtl Autosomal recessive Intellectual disability [29,60]
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