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Abstract: Alkylating modifications induced by either exogenous chemical agents or endogenous
metabolites are some of the main types of damage to DNA, RNA, and proteins in the cell. Although
research in recent decades has been almost entirely devoted to the repair of alkyl and in particular
methyl DNA damage, more and more data lately suggest that the methylation of RNA bases plays
an equally important role in normal functioning and in the development of diseases. Among the
most prominent participants in the repair of methylation-induced DNA and RNA damage are
human homologs of Escherichia coli AlkB, nonheme Fe(II)/ a-ketoglutarate-dependent dioxygenases
ABHI1-8, and FTO. Moreover, some of these enzymes have been found to act on several protein
targets. In this review, we present up-to-date data on specific features of protein structure, substrate
specificity, known roles in the organism, and consequences of disfunction of each of the nine human
homologs of AlkB. Special attention is given to reports about the effects of natural single-nucleotide
polymorphisms on the activity of these enzymes and to potential consequences for carriers of such
natural variants.

Keywords: macromolecule alkylation; dealkylation; dioxygenase; catalytic mechanism; single-
nucleotide polymorphism; enzyme disfunction

1. Alkylation of DNA, RNA, and Proteins and Potential Mechanisms Underlying the
Repair of Such Modifications

Along with oxidative DNA damage, spontaneous or enzymatic depurination/
depyrimidination of nucleotides, erroneous incorporation of dNTPs into DNA, and alky-
lating DNA lesions induced by exogenous chemical agents or endogenous metabolites
represent major types of DNA damage in the cell [1-4]. DNA alkylation is the result of
the addition of a new alkyl group at a noncanonical position of DNA from a donor of the
alkyl group by monomolecular or bimolecular nucleophilic substitution reactions. Oxygen
atoms of the phosphodiester backbone or O/N atoms of DNA nucleobases can all be
possible recipients of the alkyl group. Methylation (transfer of the methyl group) is the
most common type of alkyl modification [5].

Repair of alkylation-induced lesions is crucial for all cell types because such damage
is cytotoxic and potentially mutagenic. Alkylating chemotherapy is a common treatment
of many tumors, implying the importance of alkylation damage repair pathways in tu-
mor cells [6]. On the other hand, methylation is one of the most widespread types of
epigenetic modifications in living organisms [7]. DNA methylation is a covalent modifi-
cation that regulates the expression of genes via a number of mechanisms, including the
binding of transcription factors [8] and recruitment of methylated DNA binding proteins
and chromatin-modifying proteins, all of which leads to changes in a chromatin state [9].
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Methylation of DNA at the C5 position of cytosine (m°C) in the context of CpG dinu-
cleotides underlies modulation of many biological processes, including gene expression,
suppression of retrovirus expression, X-chromosome inactivation, and several other vital
functions in mammalian cells [10]. Moreover, it has been shown that C5 methylation of
cytosine in CpG dinucleotides leads to substantial alterations of local DNA shape [11-13].
Aberrations in DNA methylation patterns cause diverse disorders ranging from cancers
and immunological diseases to various neurological and mental disorders [14-19]. Aside
from its undoubted and substantial role as an epigenetic mark, m>C is also one of the major
sources of substitutions C>T and G>A in human DNA [20].

Similar to DNA, RNA can also be methylated by different endogenous and exogenous
agents in the cell. The methylation of RNA bases has been shown to have a negative
impact on the process of mRNA decoding [21-24]. In this context, considering the complex
nature of the decoding process (during which three nucleotides are read simultaneously),
methylation-induced modifications in mRNA may have complicated effects (on transfer
RNA [tRNA] selection) that cannot be predicted solely from their influence on the forma-
tion of complementary codon-anticodon interactions. Furthermore, chemical damage to
noncoding RNAs—which constitute approximately 95% of all cellular RNA and include
ribosomal RNA (rRNA), tRNA, small nuclear RNAs, and small nucleolar RNAs—may
affect their function too [25-27]. Indeed, it is not yet fully understood how the cell copes
with RNA damage. Scientific data indicate that some quality control processes exist in the
cell that are capable of recognizing and degrading or repairing damaged RNA [28,29].

In fact, processes underlying the restoration of the original structure in biopolymers
remain the best studied for DNA and have been investigated to a much lesser extent for
RNA. Proteins, just as RNAs, are temporary molecules, and when damaged, they are
usually degraded by proteasomes or autophagy [30-32]. Nonetheless, it should be noted
that there are known examples of the restoration of modified proteins. For instance, it
has been established that methionine oxidation, giving rise to methionine sulfoxide [33],
can be reversed by methionine sulfoxide reductase [34]. Protein methylation is a common
post-translational modification, and either the N terminus or C terminus of a protein or side-
chain nitrogen atoms of lysine and arginine residues can be methylated [35-39]. A special
case of protein methylation is site-specific methylation or demethylation of histones, which
is catalyzed by the corresponding methyltransferases and demethylases [40]. Therefore, it
can be hypothesized that the cell may have pathways for the repair of alkylation-induced
modifications that are common among amino acid residues (aa).

In this review, using eukaryotic representatives of the family of AlkB-like nonheme
Fe(Il) / o-ketoglutarate-dependent dioxygenases, which are responsible for the dealkylation
of macromolecules in the cell, we examine the functional characteristics and biological
roles of these enzymes in dealkylation processes. For each AlkB human homolog, specific
features of protein structure, substrate specificity, known role in the organism, and known
consequences of disruption of these enzymes’ functioning are discussed. Special attention
is given to reports about effects of natural single-nucleotide polymorphisms on the activity
of these enzymes and to potential consequences for carriers of such natural variants.

2. S-Adenosylmethionine (SAM)-Dependent Endogenous Methylation

In addition to SAM, no other obvious candidates for the role of intracellular alkylating
compounds have been identified to date (Figure 1). SAM serves as a donor in most
of enzymatic methylation reactions in vivo by transferring a methyl group to diverse
acceptors. Meanwhile, the strong ability of SAM to transfer the methyl group inevitably
causes spontaneous methylation of cellular nucleic acids and proteins [4,41].
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Figure 1. The mechanism of enzymatic methylation of a DNA base (cytosine) by SAM, as catalyzed by
DNA methyltransferases (DNMTs). A conserved cysteine residue of a DNMT mediates a nucleophilic
attack on the C6 atom of the cytosine ring, and this event initiates the reaction. This attack is also
facilitated by a conserved glutamic acid residue. After this attack, transfer of a methyl group from
SAM to atom C5 of the cytosine ring takes place. Subsequent deprotonation of C5 resulting in m>C
formation is thought to be mediated by a basic group (presented as “B:”) provided by the enzyme.
The mechanism is based on data from [42].

During a reaction of double-stranded DNA (dsDNA) with SAM, the main products
are N’-methylguanine (m’G) and N3-methyladenine (m3A, Figure 2). In this context,
the emergence of the latter in DNA, in contrast to m’G, exerts a toxic effect. Instead of
participating in the formation of normal Watson-Crick bonds with a complementary base,
the methyl group of m®A ends up in the minor groove of DNA, thereby effectively blocking
the binding of most RNA and DNA polymerases. Usually, the minor groove is free of
methyl groups because methyl groups of thymine and m°C are positioned in the major
groove. Thus, the emergence of m3A in DNA has a strong cytotoxic impact but a weak
mutagenic effect [4].

Although the role of SAM in the methylation of single-stranded DNA (ssDNA) has
not been researched in detail in early studies, some other alkylating agents have been
shown to induce ssDNA lesions such as N'-methyladenine (m'A) and N3-methylcytosine
(m3C, Figure 2) [43,44]. These modified bases are also unable to form classic bonds with a
complementary base and thus block DNA replication.

Given that research attention has been focused on m°C as the best-studied and best-
understood epigenetic mark in DNA, another potential epigenetic mark, N®-methyladenine
(m®A, Figure 2), has been mostly ignored until recently. The main reason is that in the past,
m®A has been detected only in prokaryotic genomes [45]. In the last decade, however, the
presence of m®A has been registered in the DNA of numerous eukaryotic species [45],
including popular model organisms such as Caenorhabditis elegans [46,47], Arabidopsis
thaliana [48], and Drosophila [49,50] as well as in humans [51-53]. Of note, recent single-
molecule real-time sequencing proved that modification m°®A is widespread in the human
genome [53], including the mitochondrial genome [51]. Additionally, m®A levels fluctuate
dramatically during early embryogenesis [54].

More and more research articles indicate that m®A plays an important role in eu-
karyotes. Nevertheless, the enzymes participating in the installation and removal of this
mark remain poorly investigated [45]. The methylation of adenosine in DNA at the sixth
position may also involve SAM. The m®A methyltransferases discovered in eukaryotes
mainly belong to the family of MT-70 methyltransferases, such as methyltransferase like 4
(METTLA4) in most mammals and DAMT-1 in C. elegans [45]. On the other hand, the only
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currently known mammalian m®A DNA demethylase is ABH1, which is a homolog of
bacterial AlkB [55].

méA 0’mC mT

Figure 2. Structures of the methylated adducts of nucleic acid bases. Presented methylated guanine
derivatives are N”-methylguanine (m”G), O°-methylguanine (O°mG), and N3-methylguanine (m3G);
adenine derivatives are N3-methyladenine (m3A), N!-methyladenine (m'A), and N®-methyladenine
(mPA); cytosine derivatives are 5-methylcytosine (m5Q), N3-methylcytosine (m3C), and O?-
methylcytosine (O*mQC); thymine derivatives are Oz—methylthymine (O?*mT), O4-methylthymine
(O*mT), and N3—methy1thymine (m3T). Methylation modifications are indicated in red.

At the same time, there is no consensus in the scientific community regarding the role
of m®A in the mammalian genome. For instance, Douvlataniotis et al. have reported that
the totality of their experimental evidence indicates that the data published to date are
insufficient to confirm the presence of m®A in the mammalian genome [56]. Thus, further
effort from researchers will be needed to determine the true position of the m®A mark in
epigenetics. Investigation into enzymatic systems responsible for the m®A emergence in
DNA and for m®A removal, as well as the pathways controlling the competitive impact of
these systems may shed a light on the role of this modification.

3. Methylation by Exogenous Agents

The interaction of methylating agents with DNA leads to the formation of adducts
of bases, which are methylated either on nitrogen atoms of the base’s ring or on exocyclic
atoms [57]. The most harmful alkylation-induced lesions in dsDNA are O°-methylguanine
(0°mG) and m>A (Figure 2). O°mG, whose presence in DNA can directly cause mutations,
is rapidly demethylated by O°-methylguanine DNA methyltransferase (MGMT), which
is an enzyme conserved from bacteria to humans [58,59]. O°mG is a major methylation
product during treatment of DNA with methylating agents or chemotherapeutic drugs
such as temozolomide [60]. In addition, O°mG, which is highly mutagenic during DNA
replication, has been found to affect the rate and accuracy of mRNA decoding during
translation. The effect of O°mG on translation depends on its position within a codon [22].
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Other methylated lesions, including m3C, can also arise during treatment of DNA
with methylating agents or chemotherapeutic drugs, but their proportion is much smaller,
and they are much less studied. Right now, there are no known enzymatic pathways for
the formation of m3C in DNA, and therefore it is believed that this lesion can be formed
only chemically, with SAM or methyl methanesulfonate (MMS) being possible sources of
the methyl group [61]. m3C predominantly forms in ssDNA and RNA; consequently, cells
with higher transcription rates are more susceptible to this lesion because their DNA is
in a single-stranded state more often [61]. In their study, Furrer and van Loon examined
the ability of six DNA polymerases belonging to the B, X, and Y families (namely, Pol 9,
B, A, k, 1, and 1) to bypass an m3C lesion in DNA [62]. Among all the tested enzymes, Pol
1 showed the highest efficiency of bypassing this lesion. Moreover, on substrates with a
hanging 5" end or substrates with a long gap, Pol 11 inserted opposite m>C any of the four
nucleotides with different preferences. By contrast, on substrates with a single-nucleotide
gap, only A or G were inserted opposite m3C [62].

m>A in DNA blocks replication and is hence a cytotoxic lesion, but sometimes the
emergence of this lesion in DNA can lead to mutations if DNA polymerase manages to go
through the lesion. To prevent such adverse consequences, m>A is removed from cell DNA
by 3-alkyladenine-DNA-glycosylase (AAG) via the base excision repair pathway [63]. m’G,
one of major products of SAM’s action on DNA, is a rather common and relatively harmless
modification of a DNA base. m’G gradually disappears from DNA owing to spontaneous
hydrolysis as well as due to the activity of AAG [63]. Some less common methylation-
induced DNA lesions, including N3-methylguanine (m3G), O?-methylthymine (O?mT), and
O?-methylcytosine (O?’mC), are removed from DNA by Escherichia coli 3-methyladenine-
DNA-glycosylase AlkA, whereas O*-methylthymine (O*mT, Figure 2) is removed by the
MGMT enzyme in E. coli and humans [64].

m!A and m3C, being major methylation-induced lesions forming in ssDNA [44,57],
are thought to arise in vivo during such processes as replication and transcription, thereby
blocking the movement of DNA and RNA polymerases. These lesions are stable and do
not appear to be removed by DNA glycosylases [65]. N3-methylthymine (m3T, Figure 2) is
also a noncoding lesion and blocks subsequent DNA synthesis. In addition, this lesion is
chemically extremely stable [57]. The removal of such damage is performed by enzymes
belonging to the superfamily of Fe(Il)/ «-ketoglutarate («KG)-dependent dioxygenases.
This superfamily of enzymes uses oxidative degradation of «KG to hydroxylate their target
substrates [65-70].

4. Eukaryotic Dioxygenases of the AlkB Family as Universal Dealkylating Enzymes

The AlkB enzyme, first discovered in E. coli, can counteract alkylating damage in DNA
and restore its native structure. With the discovery of its homologs in eukaryotes, especially
in humanes, its role as a demethylase is becoming increasingly visible and important.

Because the list of possible substrates of AIkB homologs continues to expand, research
in this field has also been rapidly developing in recent decades, including (i) an investigation
into polymorphisms in genes of these enzymes and into their involvement in signaling
pathways and (ii) an analysis of functionally significant regions of these proteins [71-76].

It has been established that the E. coli enzyme AlkB removes alkyl damage from DNA
bases by oxidizing them [4,69]. According to the catalytic mechanism of action, all representa-
tives of the family of AlkB-like enzymes belong to the superfamily of Fe(Il)/ xKG-dependent
dioxygenases [66,67,69]. Homologs of AlkB are widespread among eukaryotes and take part
in the demethylation of a wide range of substrates, including DNA, RNA, and proteins [77,78].
To date, nine mammalian homologs of AlkB are known, namely ABH1-8 and FTO (fat mass
and obesity-associated protein, also known as ABH9; Figure 3) [79-82]. Of the nine eukaryotic
enzymes, ABH1 is the most closely related to AlkB in humans [81]. Nevertheless, each of these
enzymes contains a functional catalytic domain characteristic of dioxygenases. On the other
hand, these enzymes are localized to different regions of the cell, catalyze the dealkylation of
different substrates, and therefore have different biological roles. Some of the nine homologs,
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ABH1 (386 aa)

ABH2 (261 aa)

ABH3 (286 aa)

ABH4 (302 aa)

ABH5 (394 aa)

ABH6 (238 aa)

ABH7 (221 aa)

ABHS (664 aa)

FTO (505 aa)

in particular ABH5 and FTO, have been extensively studied as RNA demethylases [15,72,83].
For some of these enzymes, however, such as ABH4, ABH6, and ABH7, there are very few
data on their substrate specificity and functions in the organism.
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Figure 3. Distribution of key functional elements in ABH enzymes. The catalytic domain (steel blue)
includes Fe(Il)- and «KG-binding sites (pink and yellow sectors, respectively), and these sites are
completely conserved among the nine AlkB human homologs. In ABH5 structure, an amino-terminal
alanine-rich region and a potential coiled-coil structure are distinguished, which could be important
for its localization [76]. ABH7 also has a specific nonconserved region: a mitochondrial targeting
signal (MTS, orange) [84]. ABHS has an additional RNA recognition motif (RRM, green) and a C-
terminal methyltransferase (MT) domain (purple section) [85]. FTO consists of an N-terminal domain,
including the catalytic domain, and of a C-terminal domain (interacting with the first one) [86,87].
This image was based on data from [74,76,88].

4.1. ABH1

ABH1 has apurinic/apyrimidinic (AP) lyase and nucleic acid demethylase activities,
and the AP-lyase activity of ABH1 is independent of Fe(II) and «KG [89]. Despite its high
homology to E. coli AlkB, ABH1 is longer by 173 aa (71 at the N terminus, 42 at the C
terminus, and one residue somewhere in the middle). The full-length sequence of ABH1 is
highly conserved among humans, mice, and chickens (70-83% identity), suggesting that
the extensions have functional significance.

Notably, Abhl (Schizosaccharomyces pombe dioxygenase), the most homologous to
human ABH1 (among all human homologs of AlkB; 42% homology), despite having weak
AP-lyase activity in vitro, does not exert any demethylase action [90].

Data on substrate specificity of ABH1 in the literature remain sparse. ABH1 is reported
to have weak activity toward m3C in RNA and ssDNA [91,92]. In addition, one study
suggests that ABH1 can oxidize m>C in RNA [93]. Not so long ago, it was found that ABH1
can also demethylate m'A in tRNA, thus participating in translation [94,95].

ABH1 is also the only currently known demethylase of m®A in DNA; this modification
was recently recognized by many scientists as another important epigenetic mark [55].
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Lately, it has been demonstrated that ABH1 removes m®A from DNA both in a cell-free
system [96] and in several cellular models [55]. Evidently, ABH1 removes mOA in unpaired
regions of the mammalian genome by preferring loops or bubbles in DNA [55].

Abh1 knockout mice (Abh1(~/~) mice) have been created, with one study revealing
the development of a specific phenotype associated with deficiencies in the differentiation
of placental trophoblast lineages [97]. In a later study, the results are suggestive of an
important role of Abh1 in spermatogenesis and embryonic development because Abh1(~/~)
mice exhibit incomplete penetrance phenotypes, including unilateral eye malformations,
neural-tube defects, and craniofacial and skeletal abnormalities. Nonetheless, ~10% of
Abh1~/7) mice appear to be relatively normal, while the most affected mice die early in
embryogenesis [98].

ABH1 is reported to participate in the modification of mitochondrial tRNAs. In the
biosynthetic pathway that introduces modifications into the wobble position in mitochon-
drial tRNAMet, RNA methyltransferase NSUN3 methylates C34 of mitochondrial tRNAMet
thus generating m°C, which can then be oxidized by ABH1 (Figure 4) [93]. The formyl-
cytosine produced by this reaction is required at this position to mediate the binding of
mitochondrial tRNAMet to AUG, AUA, and AUU [99].

1
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~N
UAC™ UA UAC-formyl
SAM o ABH1
2

Figure 4. The anticodon of mitochondrial tRNAM€! is modified by two sequential enzymatic reactions.
At the first step, cytosine at position 34 (at the wobble position of the anticodon) is methylated by
NSUNS3 in a reaction involving SAM. Then, ABH1 converts m°C to formylcytosine, thereby extending
the spectrum of recognized codons to AUG, AUA, and AUU. This image was based on data from [99].

In mouse embryonic stem cells, m®A, which is regulated by ABH1, is abundant in
transposon LINE-1 and inhibits its transcription [52]. Furthermore, in a recent study, Li et al.
demonstrated that ABH1 takes part in the regulation of sensory axon regeneration, thus
shedding light on the important physiological function of ABH1 and m®A in DNA [100].

A growing number of articles suggest that the expression level of ABH1 can be
employed as a marker for a more accurate and rapid diagnosis of cancers [91,101,102].
Wang et al. [103] have shown that ABH1 serves as an oncogenic protein by suppressing
the formation of m®A, thus leading to proliferative and metastatic properties in vitro and
invivo. An Abhl knockout in mice aggravates the progression of gastric cancer in a
chemically induced tumorigenesis model. In that study, it was determined that ABH1-
mediated demethylation of m®A in gastric cancer cells selectively affects transcriptional
activity of NRF1, thereby attenuating the launch of AMP-activated protein kinase (AMPK)
signaling and promoting the Warburg phenotype in gastric cancer cells [103].

It has been revealed that an overexpression of ABH1 correlates with poor outcomes in
gastric adenocarcinoma by affecting both the tumor microenvironment and macrophage
infiltration [104]. Furthermore, according to some data, ABH1 participates in the tumorige-
nesis of gastric cancer and glioblastoma [105,106].

In a recent work, Zhang et al. [107] carried out SNP genotyping of ABH1 in 402 patients
with neuroblastoma and in 473 healthy controls by TagMan analysis. Based on the results,
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it was theorized that substitution rs2267755 C>T in the 3/-untranslated region (UTR) of the
ABH1 gene is a genetic variant that reduces the risk of neuroblastoma [107].

With a growing body of evidence that the regulation of m° A levels in DNA is important
in terms of carcinogenesis and with the only enzyme known to participate being ABH]1,
it is becoming clear that this field of research must attract the attention of scientists in
the near feature. For example, in the last few years, Xiong et al. developed the first
potent and selective small-molecule inhibitor of ABH1, implying a strong interest of the
scientific community in this enzyme as a modulator of potentially important epigenetic
mark m®A [55]. At the same time, little is known about the role of the ABH1 activity
in physiology. There are almost no data about the SNPs of ABH1 and the physiological
consequences of the interruption of the activity of this enzyme. There is a possibility
that the absence of known polymorphisms is due to the extreme importance of ABH1 for
development, although experiments with mice on this subject do not show 100% lethality
in Abhl knockout mice [98]. Considering the increasing interest in ABH1 in light of its
connection to m®A, there is hope that the amount of data on this enzyme’s polymorphisms,
changes in expression levels, and roles in the human organism will grow.

4.2. ABH2 and ABH3

Enzymes ABH2 and ABH3 are in the same clade of the phylogenetic tree, and therefore
discussions of one often include the other. As all other Fe(Il) / «KG-dependent dioxyge-
nases [66,67,69], ABH2 and ABH3 use nonheme Fe(Il) as a cofactor and «KG to oxidize a
noncanonical alkyl group of a substrate base (Figure 5). ABH2 prefers dsDNA, whereas
ABH3 prefers ssDNA and mRNA [79,108-110]. Unlike many other DNA repair enzymes,
ABH2 has quite a broad spectrum of substrate specificity encompassing m' A, m3C, and
some exocyclic adducts in genomic DNA [111]. ABH3 has activity toward m'A and m3C
too [79] and weak activity toward 3,N4-ethenocytosine (¢C) in the context of ssDNA [112].
A recent paper also shows an ability of ABH2 and ABH3 to remove epigenetic mark m°C
from ssDNA and dsDNA in vitro [113].
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Figure 5. A proposed mechanism of catalytic oxidation of a methylated substrate by AlkB family
enzymes, presenting m3C oxidation as an example. The mechanism used by AIkB family dioxygenases
to oxidize the methyl group of DNA bases consists of two main stages, namely, dioxygen activation
and substrate oxidation itself. Before binding an oxygen molecule, iron is coordinated by two histidine
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residues (His1 and His2) and aspartate, whereas «KG is coordinated in the enzyme’s active center.
Free Fe(II) coordination sites are usually occupied by water molecules. Binding of the substrate in
the active center initiates the reaction. During the first stage, «KG is oxidized to succinate and CO;.
In this way, a reactive Fe(IV) = O intermediate is formed. In the second stage, the methyl group is
hydroxylated by this activated intermediate. Restoration of the original structure of the substrate
(cytosine here) proceeds through spontaneous deformylation. This mechanism was based on data
from [114,115].

Aside from methylation of adenosine at position 1 or 6, double adenosine modifications
such as N° N°-dimethyladenosine (m®®A) and 1,N°-dimethyladenosine (m'®A) have been
detected in mammalian RNA [116]. The same authors also demonstrated that ABH3, but
not ABH1, can remove mbPA from tRNA.

Ringvoll et al. have reported that mice lacking Abh2, Abh3, or both functional genes
are viable and have no altered phenotypes [110]. Nevertheless, in the absence of any
exposure to exogenous methylating agents, mice devoid of ABH2, but not mice with
ABHS3 deficiency, accumulate appreciable amounts of m'A in the genome, indicating
the presence of a biologically significant endogenous methylating agent. Furthermore,
embryonic fibroblasts from ABH2-deficient mice fail to remove MMS-induced m'A from
their genomic DNA and undergo enhanced toxic effects after exposure to MMS. Thus, the
repair of m' A and m3C in vitro (in nuclear extracts) in dsDNA depends primarily, if not
exclusively, on ABH2 [110].

Li et al. [117] have highlighted an important role of ABH2 in the maintenance of the
integrity and transcription of ribosomal DNA (rDNA). In the nucleolus of mammalian cells,
ABH2 is present at high concentrations and this protein interacts with resident nucleolar
proteins nucleolin (NCL), nucleophosmin 1 (NPM1), and upstream binding factor (UBF)
and with DNA repair proteins Ku70 and/or Ku80 and binds to rDNA genes. ABH2
regulates rDNA transcription in an enzymatic activity-dependent manner, whereas an
ABH2 knockdown results in a significant increase in DNA damage, especially in rDNA
genes. This evidence points to an important function of ABH2—for the transcription and
integrity of rDNA—in the repair of DNA lesions caused by endogenous alkylation [117].

ABH3 is currently regarded as the main enzyme responsible for the removal of m'A
from RNA [118]. Lately, more and more data have been coming out on the role of emer-
gence of modification m!' A in nucleic acids within carcinogenesis. ATP5D, one of the
most important subunits of adenosine-5-triphosphate synthase, partakes in tumor cell
glycolysis, which is regulated by m!A demethylase ABH3. m! A-modified A71 in exon
1 of ATP5D negatively regulates translation elongation of ATP5D mRNA by increasing
binding to the YTHDF1-eRF1 complex, thus facilitating the release of this mRNA from
the ribosomal complex. m!' A also modulates the stability of E2FT mRNA, which directly
binds to the ATP5D promoter, thereby initiating its transcription. Additionally, ABH3 is
being investigated as a participant in the regulation of these processes owing to its m' A
demethylase activity toward RNA [118].

On the other hand, demethylation of tRNA at m! A makes it more sensitive to cleav-
age by angiogenin (ANG), after which tRNA-derived small RNAs (tDRs) form around
anticodon regions. tDRs are conserved among different species, can enhance ribosome
assembly, and prevent the apoptosis triggered by cytochrome C. Chen et al. have revealed
that ABH3 can promote proliferation, migration, and invasiveness of tumor cells owing to
its ability to oxidize m! A and m®C in tRNA [119].

A polymorphic variant of ABH2 containing the 1141V substitution has been detected
in a patient with glioma. Amino acid residue 141 of the ABH2 enzyme is located in a
region conserved in homologs between E. coli, mice, and humans [120]. In addition, Fu
et al. [121] have investigated two polymorphic variants of ABH2 that contain substitution
A9V or Q10K in the PCNA-binding region and are associated with cancers, according to
the Catalog of Somatic Mutations in Tumors (COSMIC) database. It was demonstrated in
that work that the two substitutions, while insignificantly affecting the catalytic activity in
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relation to methylated dsDNA substrates, either weaken (in the case of A9V) or significantly
enhance the affinity of ABH2 for PCNA (in the case of the polymorphic variant Q10K) [121].

ABH?2 downregulation has been found to inhibit epithelial-mesenchymal transi-
tion [122], and a similar regulatory effect has been detected in colorectal cancer cell
lines, where an ABH2 knockdown inhibits the proliferation and invasive capacity of
colorectal cancer cells through upregulation of E-cadherin and decreased expression of
N-cadherin [123]. Downregulation of ABH2 also increases chemotherapy sensitivity of non-
small cell lung cancer cell lines [124]. Moreover, ABH2 upregulation in human glioblastoma
cell lines strengthens chemotherapy resistance [125].

In general, it can be said that at the moment, there are very few data on polymorphisms
or disruption of regulation for ABH2. Nonetheless, considering the exclusive role of this
enzyme in the protection of rDNA from alkylating damage, much more effort should be
made to study the participation of ABH2 in the development of various diseases, including
in carcinogenesis. The attenuating effects of ABH2 downregulation on the proliferation
of cancer cells and on chemotherapy resistance also indicate that this enzyme could be a
promising target for the design of inhibitors for anticancer therapy:.

ABH3 seems to play an important part in the survival of lung adenocarcinoma cells and
prostate adenocarcinoma cells [126,127]. Lately, some authors have also been investigating
and optimizing benzimidazole-based inhibitors of ABH3 dioxygenase. These studies have
yielded several derivatives that inhibit the proliferation of prostate cancer DU145 cells in
culture [128,129].

Wang et al. have shown that ABH3 is overexpressed in hepatocellular carcinoma
compared to adjacent nontumorous tissue samples [130]. Moreover, in that paper, ABH3
expression was found to strongly correlate with tumor differentiation status and the tumor—
node-metastasis stage. An ABH3 knockdown inhibited the proliferation of hepatocellular
carcinoma cells in vitro and xenograft tumor formation from these cells in vivo, whereas
ABH3 overexpression gave opposite results.

In their work, Shimada et al. demonstrated that ABH3 is an upstream molecule of
NOX2 and Tweak induction, which are proteins associated with inflammation, apoptosis,
cell growth, and angiogenesis in various tumors [131].

As is the case for ABH2, elevated activity of ABH3, or at least its increased amount,
seems to be participate in the pathogenesis and worsening of the course of several cancer
types. As mentioned above, researchers are already working to find inhibitors of ABH3, and
this work is bearing fruit in terms of inhibiting proliferation of cancer cells [128,129]. Yet the
participation of ABH2 and ABH3 in triggering cancer remains elusive. It is still necessary
to understand how the activity of these dioxygenases is involved in pathological processes.

4.3. ABH4

Unlike many other human dioxygenases from the AlkB family, ABH4 is reported to be
able to modify protein substrates [132,133]. For example, Li et al. have demonstrated that
ABH4 regulates the demethylation of monomethylated lysine-84 (K84met) in actin [133].
Not so long ago, data were also obtained suggesting that ABH4 can oxidize m®A in murine
dsDNA [134].

Although substrate specificity of ABH4 remains poorly understood, studies in the last
few years revealed its extremely important role in the body of animals. Deletion of ABH4
is embryonically lethal in mice [133]. Additionally, Nilsen et al. have demonstrated that
ABH4 depletion in mice leads to spermatogenic defects [135]. In Danio rerio oocytes, the
level of Abh4 mRNA is significantly higher than mRNA levels of other dioxygenases of
the AlkB family; furthermore, the deletion of Abh4 leads to considerable defects in epiboly
during embryo gastrulation in zebrafish [136]. Accordingly, more and more researchers
associate ABH4 with preimplantation development [137].

It is also worth mentioning the work of Yu et al., who, on the basis of quantitative
proteomic data, have hypothesized that ABH4 plays some role in the modulation of cytosine
methylation in DNA by regulating the expression level of DNMT1 [138].
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Recently, ABH4 was found to be overexpressed in adenocarcinoma cells compared
to surrounding normal tissues [139]. By quantitative PCR and immunohistochemistry,
Peng et al. [140] have revealed that expression levels of ABH1-4 and ABHY are noticeably
elevated in hepatocellular carcinoma tissues compared to normal tissues. Furthermore,
high expression levels of ABH4 negatively correlated with overall survival and recurrence-
free survival in patients with hepatocellular carcinoma. Overexpression of ABH4 has also
been associated with the cancer stage in patients with hepatocellular carcinoma [140].

The expression of ABH4 is higher in non-small cell lung cancer cells compared to the
surrounding tissues [141]. In the article just cited, a knockdown of ABH4 caused significant
suppression of proliferation of non-small cell lung cancer cells via cell cycle arrest in the
G1 phase during the growth of the tumor in vivo. The knockdown of ABH4 suppressed
transcription factor E2F1 and expression of its target gene in non-small cell lung cancer
cells. Expression levels of ABH4 and E2F1 significantly correlated in clinical samples of
non-small cell lung cancer. Moreover, patients with high expression of ABH4 in the tumor
had a poor prognosis, suggesting that ABH4 plays a key part in the tumorigenesis of
non-small cell lung cancer [141].

In the meantime, an analysis of possible epigenetic factors that may be involved in the
progression of epithelial-mesenchymal transition has allowed researchers to identify ABH4
as a candidate gene that suppresses epithelial-mesenchymal transition [142]. It was also
shown in that paper that in patients with colorectal cancer, ABH4 is downregulated. More-
over, a decrease in the amount of ABH4 correlated with metastasis and a poor prognosis in
patients with colorectal cancer. It was also found in that work that overexpression of ABH4
suppresses the invasive ability of colorectal cancer cells in vitro as well as their metastatic
potential in vivo. Evidently, such a suppressive function of ABH4 is linked with its compet-
itive binding to WDR5 (a key component of the histone-methyltransferase complex) and
consequently with a decrease in the amount of histone modification H3K4me3 in target
genes, including MIR21 [142].

The controversial role of ABH4 in different types of cancer raises new questions
regarding this family of enzymes. It is important to obtain more knowledge about substrate
specificity of ABH4 and its ability to interact with other proteins in order to shed light on
the complicated nature of its activity.

4.4. ABH5

Dioxygenase ABHS is localized to cell nuclei. Unlike other human AlkB homologs,
ABHS has at its N terminus an additional alanine-rich sequence and a coiled-coil structure
(Figure 3). It has been suggested that these motifs are important for its localization [76]. Of
note, the expression of ABHS5 in cells is induced by hypoxia via HIF-1¢, and this property
is unique among known members of the ABH family, implying a specific function of
ABHS5 in the hypoxia response [143]. ABH5 removes m°®A from ssDNA and RNA, with the
processing of the DNA substrate taking place approximately one and a half times faster
than that of RNA [143-147]. In addition, recent evidence indicates that ABHb5 also has
weak activity toward m3C in ssDNA [148]. The biological purpose of this activity remains
unclear, but hypothetically, ABH5 can act as an auxiliary repair dioxygenase on ssDNA.

Ensfelder et al. have demonstrated that dioxygenase ABH5 can remove from RNA
not only m® A but also adenosine doubly methylated at the sixth position (m®°A), which in
the vast majority of cases is situated in a conserved sequence of RNA in small ribosomal
subunits [149]. Notably, judging by the results obtained in the study just cited, this enzyme
needs to release the product from its active center after the first oxidation of the methyl
group, possibly in order to load another molecule of xKG into the active center [149].

A comparison of crystal structure between ABH2 and ABHS5 has uncovered the reason
why ABHS5 is active only on single-stranded substrates. In the structure of ABHS5, aside from
the absence of the loops utilized by ABH2 for interaction with the strand complementary to
a damaged DNA strand, there is also a rigid loop that would cause steric hindrance during
the binding to dsDNA [146].
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Abh5-deficient male mice possess elevated amounts of m®A in mRNA and are charac-
terized by impaired fertility as a consequence of apoptosis that affects meiotic metaphase
spermatocytes [147]. Tang et al. have also stated that the removal of m®A from mRNA via
the ABHS5 activity plays a major part in spermiogenesis [150].

Du et al. [151] have analyzed the expression profile of ABH5 in a developing mouse
brain and noticed that the enzyme is ubiquitously expressed in mouse brain tissues, with
relatively high levels in the cerebellum and olfactory bulb. Moreover, ABH5 turned out to
be mainly colocalized with neuronal marker Neul, indicating that ABH5 is predominantly
expressed in neurons. Of note, the amount of the ABH5 protein dramatically diminished
during brain development [151].

In ABH5 knockdown cells, elevated levels of poly(A) mRNA have been detected in
the nucleus, suggesting that ABHS5 affects the expression of protein regulators of mRNA
export [152].

A connection of ABHS5 with oxidative stress has been documented too. Apparently,
exposure to reactive oxygen species can significantly increase the amount of m®A in mRNA
through inhibition of ABHS5 activity by sumoylation [153].

Recently, ABH5 was also shown to play an important role in the modulation of CD4*
T-cell function during experimental autoimmune encephalomyelitis [154].

There are few data in the literature about a significant influence of ABH5 polymor-
phisms on the development of various human diseases. For example, Ren et al. have
detected only a weak effect of 3’-UTR variants rs1378602 and rs8400 of the ABH5 gene on
the risk of hepatoblastoma [155]. On the other hand, it has been determined elsewhere that
the rs8400 polymorphism affects negative regulation of ABHS5 expression by microRNA
miR-186-3p. Namely, the G-to-A substitution caused by the rs8400 polymorphism reduced
the ability of miR-186-3p to bind the 3'-UTR of ABH5 mRNA, thereby leading to elevated
expression of ABHS5 in neuroblastoma cells [156]. A recent article points to a hypothetical as-
sociation of some ABH5 SNPs located in the intronic part of the gene with the development
of an autoimmune thyroid disease [157].

At the same time, in the last five years, the number of studies devoted to the role of
the ABHS expression level in various cancers and other diseases is estimated at dozens per
year. Upregulation of ABH5 drives uncontrolled activity of genes, playing a critical part in
the cell cycle, epithelial-mesenchymal transition, and angiogenesis, thus ultimately leading
to aberrant progression of the cell cycle, evasion of apoptosis, and tumor progression [158].

For instance, ABH5 is overexpressed in lung adenocarcinoma cells during intermittent
hypoxia [159], in glioblastoma stem-like cells [160,161], and esophageal squamous cell carci-
noma cells [162]. In this context, ABH5 overexpression is always linked with a diminished
total level of m®A in mRNA of these cells and tissues. Conversely, the suppression of ABH5
expression causes significant inhibition of tumor cell proliferation and invasion.

Evidently, the mechanism that underlies this process involves the demethylation of
certain targets by ABH5. Zhang et al. [161] have reported that ABH5 demethylates nascent
transcripts of transcription factor FOXM1, thereby upregulating its expression. FOXM1
plays a key part in the transition from the G1/S phase to the G2/M phase and in the
progression of the M phase of the cell cycle. Additionally, long noncoding RNA antisense to
FOXM1 (FOXM1-AS) promotes the interaction of ABH5 with nascent transcripts of FOXM1.
The depletion of ABH5 and FOXM1-AS impairs carcinogenesis in glioblastoma stem-like
cells through the FOXM1 axis [161].

Zhang et al. have shown that HIF-dependent expression of ABH5 mediates an increase
in the percentage of breast cancer stem cells in a breast tumor microenvironment during
hypoxia [163]. Han et al. [164] have later confirmed that ABHS5 is required for breast
tumor growth. Furthermore, their work suggests that protein arginine methyltransferase 6
(PRMT®6) directly methylates ABH5 at R283, thus leading to activation of this dioxygenase
and subsequently promoting breast tumor growth [164].

Aside from its participation in carcinogenesis, ABHS5 also serves as a negative regulator
of postischemic angiogenesis via modification of m® A and influences blood flow restoration
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and postischemic angiogenesis in mice with hindlimb ischemia [165]. In patients with
recurrent miscarriage, significantly higher expression of ABH5 has been observed and
accordingly a decrease in the global level of m®A in mRNAs within placental villous tissue,
thus pointing to an important role of ABHS in the pathogenesis of this disease [166].

Nevertheless, there is also a body of evidence indicating involvement of ABH5 down-
regulation in the pathogenesis of cancer. For instance, decreased ABH5 expression levels
are an independent prognostic factor of worse survival in patients with hepatocellular
carcinoma [167] and correlate with a worse prognosis in patients with bladder cancer [168].
Yuan et al. [169] have also reported decreased ABHS5 levels (correlating with elevated mPA
amounts) in osteosarcoma cells compared with normal osteoblasts. Overexpression of
ABHS significantly suppressed osteosarcoma cell growth, migration, and invasion and
triggered apoptosis of these cells; by contrast, inhibition of ABH5 had opposite effects [169].
Of note, in the case of bladder cancer and osteosarcoma, ABH5 overexpression significantly
suppresses the growth, migration, and invasiveness of tumor cells [168,169].

In addition, there is evidence that ABH5 and FTO are important risk factors of rheuma-
toid arthritis. Luo et al. have examined mRNA levels of ABH5 and FTO and noticed that
the mRNA expression of these enzymes in patients with rheumatoid arthritis is signifi-
cantly reduced compared to a control group; meanwhile, in patients who receive regular
treatment, the level of ABH5 mRNA significantly went up [170].

In the last decade, especially from 2019 to 2023, owing to the demonstration of the
extensive role of ABHS5 in the progression of various types of cancer, this enzyme has
become quite popular among scientists as a target for the creation of inhibitors [171,172].
Yet the functions of this dioxygenase in different types of cancers seem to be opposite. The
mechanisms underlying the participation of ABHS5 in the pathogenesis of different diseases
are supposedly linked with modification of m®A in different RNA targets. Thus, it appears
that we need to learn more about these targets and their involvement in cell functioning.

4.5. ABH6

ABHS6, which is located in the nucleus and cytoplasm, is widespread among tissues,
and its highest expression is observed in the pancreas and testes [81,173]. Huong et al. have
reported that Arabidopsis Abh6, which is 36% identical to human ABHS6, can affect seed
germination and survival under abiotic stress, by serving as a possible RNA methylation
eraser protein [174].

In their 2022 work, other authors deciphered the structure of holo-ABH6 and of its
complexes with ligands [175]. It was shown there that unlike all other dioxygenases of
the AlkB family, ABH6 can bind Tris in its active site, in the region where aKG usually
binds. According to the results of that work, ABH6 prefers to bind to ssDNA and RNA.
The enzyme possesses three unique loop motifs—Flip1, Flip2, and Flip3—which, judging
by crystallographic data, are also crucial for the binding of the enzyme to single-stranded
substrates. It is relevant to mention that according to the COSMIC database, many muta-
tions implicated in cancer are localized to these regions. At present, however, there are
very few findings in the literature on the structure, protein interaction partners, substrates,
and activity of human ABH6. The role of ABH6 in human organism also remains to
be established.

In a recent research article, the usefulness of ABH6 against alkylating lesions was
tested using an E. coli strain deficient in AlkB [176]. ABH6 was found to compensate for
the AIkB deficiency and to enhance cell resistance to treatment with alkylating agents.
Furthermore, a loss of ABH6 in human pancreatic cancer cells increases DNA damage
induced by alkylating agents and significantly reduces cancer cell survival.

ABHBS6 is the most mysterious and understudied human homolog of AlkB. A few
existing data imply its participation in the removal of methylation-induced lesions from
single-stranded nucleic acids. Nevertheless, its impact in this process as compared to other
AlkB-like enzymes such as ABH1, ABH3, and ABHS5 remains unclear. One of possible
reasons why this enzyme is so poorly understood is its ability to bind Tris in its active
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center, considering that this is a popular buffer component. Choosing different reaction
conditions could shed light on ABH6s substrate specificity. It is fair to say that there is an
open field for research on ABHS6.

4.6. ABH7

Murine ABHY is localized to the mitochondrial matrix [177]. The crystal structure
of ABH7 has shown that, unlike other members of the AlkB family whose substrates are
DNA or RNA, ABHY is devoid of the “nucleotide recognition lid”, which is required for
nucleotide binding, and therefore has a solvent-exposed active site; in the ABH7 protein,
certain structures form a negatively charged groove. These distinctive features have led to
the supposition that ABH7 interacts with protein substrates rather than nucleic acids [178].

Despite these earlier conclusions, Zhang et al., also after a comparison of crystal
structures between ABH7 and AlkB, have proposed an RNA demethylase function for this
enzyme [179]. Moreover, those authors were able to experimentally confirm that ABH7
can indeed remove N2-dimethylguanosine (m?>?G) and m'!A from nascent mitochondrial
RNA. Suppression of ABH7 expression resulted in lowered levels of mitochondrial RNA
and of mitochondrial proteins, and the two phenomena together diminished mitochondrial
activity. In mouse adipose tissue, the loss of ABH7 impairs the functioning of oxidative
phosphorylation and reduces the fatty acid oxidation activity, thus inducing fat accumula-
tion and an obese phenotype [179].

In the first work on the functional characterization of murine Abh7, it was also noted
that this gene’s deletion causes a significant increase in body weight and fat percentage
in mice [177]. Hence, it can be concluded that ABH7 plays an important role in fatty acid
metabolism through its RNA demethylase activity.

Studies on cell lines have shown that Abh7 deletion suppresses necrotic cell death
induced by treatment with alkylating and oxidizing agents, while not affecting apoptotic
cell death [84]. This observation indicates that ABHY? participates in protection from
alkylating damage along with other enzymes of the family.

In their targeted search for the SNPs in the AlkB family that are associated with
prostate cancer, Walker et al. identified an SNP of ABH7 (rs7540) that significantly corre-
lates with prostate cancer in two separate cohorts [180]. Their comparison of molecular
dynamics simulations between the wild-type and mutant protein structures suggested that
the SNP-caused substitution R191Q in ABH7 causes substantial structural alterations in this
protein that reduce its ability to bind its cofactor Fe(Il) and cosubstrate xKG. Experimental
spectroscopic analyses of purified proteins confirmed the predictions of the molecular
dynamics simulations [180].

Considering the supposed participation of ABH? in the maintenance of the methyla-
tion of mitochondrial RNA, consequences of the impairment of the ABH7 activity should
extend much more widely. Thus, it is important to guide research in this direction by
studying changes in expression of ABH7 and association of its possible SNPs with various
pathological conditions. It is also important to deeply investigate substrate specificity of
ABHY in order to learn about its possible nucleic acid and protein targets.

4.7. ABHS8

The ABHS enzyme is somewhat unique as compared to other human homologs of AIkB,
because aside from the dioxygenase domain, this enzyme contains a methyltransferase domain
(MTase, Figure 3) homologous to yeast tRNA methyltransferase Trm9p [181,182]. An SAM-
dependent MTase subdomain of ABHS is located in the C-terminal part of the AlkB-type
oxygenase domain; ABHS also possesses supplementary RNA recognition motifs (RRMs) at
the N terminus [183,184]. Fu et al. have found [183] that ABHS catalyzes tRNA methylation
thus creating 5-methylcarboxymethyluridine (mecm>U) at the wobble position in some
tRNAs: this is a critical modification of the anticodon loop. Deletion of ABHS8 in human
cells lowers endogenous amounts of mem>U in RNA and enhances the sensitivity of the
cells to DNA-damaging agents. Moreover, DNA-damaging agents induce the expression
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of ABHS in an ATM-dependent manner [85,183,185,186]. Furthermore, at the time, no
demethylase activity of ABHS8 has been detected [185].

In vivo experiments on Drosophila suggest that ABHS8 participates in the control of
oxidative stress in the brain while inhibiting synaptic growth and supporting learning and
memory [187]. According to that paper, in ABH8-null animals, uridine methylation at the
wobble position is absent, and the animals exhibit a global reduction in protein synthesis,
including a specific decline in selenoprotein levels. The loss of ABH8 or independent
impairment of selenoprotein synthesis resulted in ectopic synapse formation. Forced
expression of antioxidant enzymes completely suppressed the excessive synaptic growth
in the ABH8-null animals, implying that oxidative stress is the underlying cause of this
dysregulation. In that work, ABH8-null animals also exhibited impairments in associative
learning and memory, which were rescued by pharmacological treatment with antioxidants.
Taken together, these findings mean a critical function of tRNA modifications in redox
homeostasis within the nervous system and suggest that antioxidants may be administered
as a potential therapy for ABHS8-associated intellectual disability [187].

In two multiplex consanguineous families, Monies et al. [188] have identified two
homozygous truncation mutants of ABHS8 that cause intellectual disability. An analysis of
tRNA from the affected individuals revealed a complete absence of mem°U, consistently
with the predicted loss of function of the mutant enzymes. These findings indicate the
sensitivity of brain tissue to modifications at the tRNA wobble position and expand the
list of mental retardation syndromes caused by mutations in genes associated with tRNA
modifications [188]. Later, Saad et al. [189] have described another family of Egyptian
origin carrying a novel homozygous frameshift variant in the last exon of ABHS. Several
members of this family show a global developmental delay and some dysmorphic features
of appearance [189].

Also recently, in one of patients with developmental delay, an ABH8 mutant was
identified in which a missense mutation creates substitution R625H [190]. Later, an ABHS8
mutant carrying substitution R625P was detected in Turkish patients with similar symp-
toms [191]. Arg625 is a highly conserved residue in ABHS8 from unicellular eukaryotes
to humans.

In another patient with developmental delay, in the ABHS8 gene, a biallelic missense
variant was found that leads to a mutant enzyme carrying substitution W504S [192]. The
identified substitution is situated in the highly conserved tRNA MTase domain. The patient
carrying the mutant enzyme exhibited intellectual disability, facial dysmorphism, speech
delay, and learning disabilities, which are common features among the patients reported
by Monies et al. [188]. Taken together, these observations suggest that ABHS is a gene with
a recently discovered important role in nervous system diseases.

Dioxygenase ABHS8 is also implicated in resistance to programmed cell death in human
urothelial carcinoma cells, thus eventually leading to bladder cancer. This enzyme has
been shown to be overexpressed in bladder cancer tissues, and its knockdown induces
apoptosis in this tumor cell type [182]. The mechanism driving this process seems to
include downregulation of the survivin protein, an antiapoptotic factor that also shows
elevated levels in bladder cancer [193].

Altogether, these data indicate a high importance of ABHS in the pathogenesis of
various diseases, especially nervous system diseases. These data make this enzyme a
promising target for medical treatments. Indeed, there are reports that ABHS is already
used as a target in some types of antitumor therapy [182,194]. The example of ABHS is
particularly interesting because of its unique methyltransferase activity. It is possible that
in the connection of this activity with a demethylase activity (which has not yet been found
in ABHS), there are hidden nuances of fine-tuning mechanisms involving other AlkB-like
human dioxygenases in several physiological processes.



Curr. Issues Mol. Biol. 2024, 46

10477

4.8. FTO

Although FTO was identified primarily as a candidate gene associated with obesity
risk, it has been predicted bioinformatically to be an Fe(Il)/ «KG-dependent dioxygenase
homologous to bacterial DNA dioxygenase AlkB [80]. A recombinant FTO protein can
remove methyl groups from such lesions as m3T, 3-methyluracil (m3U), and m°A in ss-
DNA and RNA [80,195,196]. m®A is the most widespread modified nucleoside found in
mRNA [197], and it is demethylated by FTO 50-fold more intensively than m3U is [196],
which is located primarily in ribosomal RNA [198]. Nonetheless, because most of the total
RNA pool in the cell consists of rRNA, in absolute amounts there is actually ~100-fold more
m3U than m®A in the cell [199].

Lately, it has been demonstrated that FTO has certain selectivity in terms of binding
to and removing m®A from m®A motifs, thus confirming FTO’s possible functioning
in the regulation of the dynamics and distribution of the m®A/m®°A mark in various
physiological and pathological conditions [200].

Crystal structure of FTO has been deciphered: this protein possesses an N-terminal cat-
alytic domain and a C-terminal domain of an unknown function [87]. The catalytic pocket
contains five aas that are conserved among all members of this enzymatic superfamily: two
residues, His and Asp, are required for the binding of Fe(Il), and three residues—histidine
and two arginines (separated by six aas)—are required for the binding of «KG [87,201].
Specificity for single-stranded nucleic acids is ensured by loop L1 (absent in other members
of the AlkB family), which sterically hinders the entry of double-stranded nucleic acids into
the catalytic pocket [87]. A study on the dynamics and structure of human FTO in solution
indicates that the structure of the catalytic N-terminal domain is unstable in the absence of
the C-terminal domain. This observation explains the absence of activity in the isolated
N-terminal domain and suggests that the interaction of the domains may be a good target
for the design of specific inhibitors [86].

Notably, although FTO is present in all animal tissues, including human ones [80], the
highest expression of this protein is seen in the brain, including the hypothalamus [80],
where the center controlling food intake is situated [202].

Although many research articles have mainly addressed the role of DNA modifications
in the formation of long-term memory, Walters et al. [203] have highlighted the contribu-
tion of RNA modifications to this process. Ffo is expressed in the nuclei, dendrites, and
peridendritic spines of neurons in the CA1 area of the murine dorsal hippocampus. In that
article, contextual fear conditioning for short periods of time reduced FTO levels in these
neurons, and the greatest downregulation of FTO was registered near synapses. Artificial
depletion of FTO in the dorsal hippocampus of normal (wild-type) mice by microinjection
of several types of Fto-targeting vectors caused significant enhancement of contextual fear
memory. Taken together, these results point to the importance of FTO during memory
formation and imply that mRNA modifications and epitranscriptomics are novel regulators
of memory formation [203].

Cao et al., by means of a conditional knockout in mice, have demonstrated that
specific ablation of Fto in adult neural stem cells transiently accelerates their proliferation
and promotes neuronal differentiation both in vitro and in vivo, but in the long term,
the specific ablation of Fto inhibited neurogenesis and neuronal development in adult
individuals [204]. Furthermore, FTO expression generally declines with age, as proven for
mouse follicular fluid, granulosa cells, and ovaries [205].

There is also evidence of a possible link between Fto expression and depressive be-
havior in mice [206]. In a study by Liu et al. [206], a decrease in Fto expression in the
hippocampus induced behavior characterized as depressive (depression-like). Conversely,
Fto overexpression reversed the depression-like phenotype.

FTO partakes in the conversion of white adipose tissue to brown adipose tissue. For
example, Wu et al. have reported that a loss of FTO promotes the expression of thermogenic
genes through an increase in the levels of m®A in mRNA and of the HIF1A protein [207].
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Zhang et al. have revealed that FTO participates in preadipocyte differentiation as well, via
demethylation of mPA in RNA [208].

An FTO knockdown by means of small interfering RNA gives an overall increase in
m®A levels in RNA as well as elevated expression of YTH domain family member 2, which
binds to m°A [209]. Additionally, the same researchers noticed that the FTO knockdown
significantly diminishes levels of de novo lipogenic enzymes and the intracellular lipid
content, through an increase in the amounts of m®A on the mRNAs that are involved in
these processes.

Wang et al. [210] have determined that FTO expression goes up during myoblast
differentiation, whereas FTO silencing inhibits this differentiation; furthermore, skeletal
muscle development is impaired in mice deficient in FTO within skeletal muscle. Notably,
myogenic differentiation stimulated by FTO was dependent on its m®A-demethylating
activity [210].

The best-known and best-studied variant of FTO is intronic polymorphism rs9939609.
There is a fairly large body of data linking this SNP rs9939609 with a higher risk of obe-
sity [211]. Of note, many researchers in the last few years associated rs9939609 in particular
and FTO overexpression in general with dietary habit changes that are responsible for the
development of obesity [212,213]. A small study implies a link between rs9930506 and a
predisposition to obesity in Greek adults [214].

In the meantime, studies on mouse models have shown that substitution I367F in
murine FTO yields a phenotype with reduced body weight and fat mass, apparently due to
an increase in metabolic rate [215]. In Fto knockout mice, a phenotype is observed that is
characterized by delayed postnatal growth, decreased fat and muscle mass, and elevated
food intake (when the data are adjusted for muscle mass) [216]. All this is accompanied
by a substantial rate of postnatal mortality: only 50% of homozygous pups survive to
weaning [216,217].

In humans, the FTO SNP that causes substitution R316Q and a loss of FTO activity
gives an even more complex phenotype: postnatal growth retardation, microcephaly, severe
psychomotor retardation, functional brain disorders, and a characteristic facial dysmor-
phism [218]. Amino acid residue Arg316 takes part in the coordination of «KG in the active
site of FTO and is absolutely conserved among all FTO paralogs and AlkB orthologs [218].
Later, several more deleterious SNPs were identified that lead to aa substitutions (in the
same functional domain where Arg316 does) and to a loss of activity in FTO. For example,
a homozygous missense mutation creating substitution S319F has been identified in a
neonate with growth retardation and severe developmental delay [219]; in patients from a
consanguineous Yemeni family, an FTO variant has been identified that carries substitution
R322Q and is associated with a lethal birth defect syndrome involving eye anomalies,
gingival overgrowth, craniosynostosis, and cutaneous photosensitivity [220].

FTO SNP rs62033438, located in the intronic region of the gene, correlates with male
infertility according to Landfors et al. [221]. In addition, the same work revealed two
more potentially deleterious missense mutations in FTO that give substitutions C326S and
5256N in the protein. Cys326 is localized to an important linker between the two protein
domains of FTO, whereas Ser256 is within a flexible loop capable of interacting with other
molecules [221].

Mayman et al. [222] reported the first FTO variant containing an aa substitution that is
outside the catalytic site but causes multiple abnormalities in multiple organ systems, thus
affecting respiratory, cardiovascular, and neurological functions. In that paper, a <90% loss
of demethylase activity was demonstrated in vitro in the FTO variant R96P compared to
the wild-type enzyme [222].

FTO is upregulated in many cancers, and its high expression correlates with lower
overall survival [7]. For example, FTO is frequently overexpressed in tissues of cervical
cancer [223] and of human breast cancer [224]. The inhibition of FTO suppresses melanoma
cell tumorigenicity and expression of melanoma cell-intrinsic genes, including PD1; this
treatment sensitizes melanoma cells to anti-PD1 therapy in mice [225].
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Liu et al. have established that FTO is an important epitranscriptomic regulator used by
tumors to evade immune surveillance through modulation of glycolytic metabolism [226].
In the research article just cited, FTO-mediated demethylation of mPA in tumor cells
upregulated transcription factors c-Jun, JunB, and C/EBPB, thereby allowing cells to rewire
their glycolytic metabolism. An FTO knockdown disturbed the glycolytic activity of tumor
cells, thus restoring the function of CD8* T cells, thereby inhibiting tumor growth.

On the other hand, a bioinformatic study supported by experimental validation in
30 cases indicates that FTO expression is low in thyroid cancer tissues and correlates with
lymph node metastasis in thyroid cancer patients [227].

Aside from the association of FTO with the progression of many cancers [7], obe-
sity [211,228-230], and type 2 diabetes mellitus [231,232], some investigators link this
enzyme with Alzheimer’s disease [233,234] and nonalcoholic steatohepatitis too [235]. In
this regard, much attention of researchers is focused on the development of inhibitors of
this enzyme.

For instance, N-oxalylglycine (a dioxygenase inhibitor competing with «KG for bind-
ing to the protein) is already widely used in crystallographic analyses to prepare stable
enzyme-substrate complexes as well as in functional studies on Fe(Il) / xKG-dependent
dioxygenases, for example, to assess the involvement of FTO in epigenetic regulation of
genes [96,236,237]. In cellular and murine models, investigation into the inhibition of FTO
by a derivative of meclofenamic acid (which is an inhibitor that associates with a nucleic
acid substrate binding site) suggests that FTO suppression by selective inhibitors may be a
successful strategy for the treatment of acute myeloid leukemia [96,236].

5. Summary and Perspectives

The last couple of decades of research have greatly expanded our understanding of
the diverse and distinct functions of human AlkB homologs. Although all nine enzymes
apparently derive from a common ancestor, their large number is justified by substantial dif-
ferences in their substrate specificity, localization, and functions in the cell (Table 1) as well
as consequences of changes in the expression levels of these enzymes, their disfunctions, or
SNP effects (Table 2).

Table 1. Substrate specificity and functions of human AlkB homologs.

Enzyme Substrates Functionality References
3 .
mCin Rl;ICAtiésii}]?)NA (weak Demethylation of m®A in DNA: another important
ABHI mPA in ssDNA, . _epigenetic mark; o [47,52,55,92-98,100]
mlA in (RNA role in spermatogenesis and embryonic development (in mice);
5 ’ modification of mitochondrial tRNAs.
m°C in RNA
1 3 5 ;
ABH2 m'A, m°C, m°C, eAin Important for transcription and integrity of rDNA. [111,113,117]
dsDNA
m!A, m3C, m®C, €A in Removal of m'A from RNA;
ABH3 ssDNA; promotion of proliferation, migration, and invasiveness of [79,112,113,116,118,119]
m!'A, m®A, m3C in tRNA tumor cells.
monomethylated lysine-84 Spermatogenesis, embryogenesis (mice);
ABH4 in actin; embryogenesis (fish); [133-136,141]
mP°A in dsDNA proliferation of cancer cells.
m®A in ssDNA and RNA;  Expression of ABHS in cells is induced by hypoxia via HIF-1«;
ABH5 m°Cin ssDNA (weak male fertlyty (mice) and spermiogenesis; [143-151,158]
activity); predominantly expressed in neurons;
m&®A in RNA cell cycle, epithelial-mesenchymal transition, and angiogenesis.
ABH6 unknown Unknown
m?2G, m!'A in
ABH7 mitochondrial RNA; Fatty acid metabolism. [177-179]

proteins?
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Table 1. Cont.

Enzyme Substrates Functionality References
Methylation of A . .
e f ;
ABHS 5-methylcarboxyuridine in Control of oxidative stress in the brain (fly) [183,187-189]
brain development.
tRNA
Memory formation;
3 3 6A - possible role in depression;
FTO m*T, m*U, m°A in ssDNA conversion of white adipose tissue to brown adipose tissue; [80,195,196,203,206,207,210,226]
and RNA . -
myoblast differentiation;
epitranscriptomic regulator.
Table 2. Effects of changes in the expression level or of SNPs of human AlkB homologs.
Enzyme Changes in Expression Level or SNPs Effect References
1s2267755 (3'-UTR C>T) Reduces the risk of neuroblastoma. [107]
ABH1 Poor outcomes in gastric adenocarcinoma. [104]
Overexpression
Registered in hepatocellular carcinoma. [140]
1141V (highly conserved residue) Found in glioma. [120]
ABH2 A9V, Q10K (PCNA-binding region) Cancer-associated. [121]
Overexpression Registered in hepatocellular carcinoma. [140]
ABH3 Overexpression Registered in hepatocellular carcinoma. [130,140]
Registered in adenocarcinoma. [139]
Overexpression Registered in hepatocellular carcinoma. [140]
ABH4
Registered in non-small cell lung cancer. [141]
Downregulation Registered in colorectal cancer. [142]
15137860, rs8400 * (3'-UTR variants) Risk of hepatoblastoma (weak effect). [155]
Registered in lung adenocarcinoma. [159]
Registered in glioblastoma stem-like cells [160,161]
Overexpression - - -
ABH5 Registered in esophageal squamous cell carcinoma. [162]
Associated with recurrent miscarriage. [166]
Associated with rheumatoid arthritis. [170]
Downregulation
Registered in osteosarcoma. [169]
ABH6 No data available - -
R191Q Correlation with prostate cancer. [180]
ABH7
Overexpression Registered in hepatocellular carcinoma. [140]
Arg554%; Trp599Glyfs*19 (truncated) Associated with intellectual disability. [188]
Frameshift variant in the last exon Associated with global developmental delay. [189]
ABHS8 R625H; R625P (highly conserved residue)
Associated with developmental delay. [190-192]
W504S (MTase domain)
Overexpression Registered in bladder cancer. [182]
1r$9939609 (intronic variant) Higher risk of obesity. [211,214]
. . Found in cases of postnatal growth retardation, microcephaly, severe psychomotor
R316Q (catalytic domain) retardation, functional brain disorders, and a characteristic facial dysmorphism. [218]
S319F (catalytic domain) Found in cases of growth retardation and severe developmental delay. [219]
R322Q (catalytic domain) Found in cases of lethal birth defects. [220]
1rs62033438 (intronic variant) Associated with male infertility. [221]
FTO 5256N; C326S (catalytic domain) Potentially deleterious. [221]
Found in cases of multiple abnormalities in multiple organ systems, thus affecting
R96P . ) ¢ ! [222]
respiratory, cardiovascular, and neurological functions.
Registered in cervical cancer. [223]
Overexpression Registered in breast cancer. [224]
Diet-dependent development of obesity. [212,213]
Downregulation Registered in thyroid cancer. [227]

* The rs8400 3/-UTR variant of ABH5 has been demonstrated to lead to the overexpression of ABH5 in neuroblas-
toma cells [156].
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Although there is increasing evidence in the modern literature supporting the function
of m®A in DNA as a new epigenetic mark, there are still very few data on the only known
enzyme capable of removing it: ABH1. Aside from the scant information about substrate
specificity of this dioxygenase, which is the closest to AlkB among all human homologs,
there are also very few data in the literature on its role in the human organism and on
consequences of its malfunction.

Meanwhile, the growing understanding of the enormous importance of m®A in RNA
has drawn the attention of researchers to dioxygenases ABH5 and FTO. Both have been
shown to be expressed in neurons. For both, one of the main targets is m®A in RNA.
Moreover, the fact that a malfunction of one of these enzymes can be detected relatively
independently of the presence of the other allows us to conclude that in the human body,
functions and individual targets of these enzymes are somehow separated. Numerous
studies, hundreds and thousands, have addressed the involvement of ABH5 and FTO
in various types of cancer, with results that are not so clear-cut. It seems that FTO has a
primary role not only in fat mass regulation but also in brain development, in contrast to
ABHS5, although this enzyme is also located in neurons. Moreover, a large body of data
on developmental effects of FTO SNPs and almost complete absence of data on ABH5
SNPs raise new questions. Has not enough attention been paid to this topic regarding
ABHS, or is the function of this enzyme too important to detect its weakened variants
in living individuals? Furthermore, one should not forget the deleterious effect of both
decreased FTO activity due to mutations and its overexpression in many cancers along
with ABHS5 disturbances.

Another dioxygenase that has been found to play a major role in brain development
and function is dioxygenase ABHS8. This enzyme is unique among all other human AlkB
homologs because it performs an important function by means of its methylating activity,
although its demethylating activity has not been demonstrated yet. It would be intriguing
to study this enzyme in the context of a relation between its methylating and demethylating
activities or to explain the absence of the latter.

ABH?2 and ABHS3 can be called the main dioxygenases protecting genomic DNA from
methyl lesions such as m' A and m3C. Of note, the existing body of evidence indicates that
enhanced activity of the two dioxygenases significantly worsens the prognosis of patients
with certain types of cancer and is generally observed in cancer cells. On the other hand,
little is known about the existing SNPs of these enzymes, except for a couple of SNPs in
ABH?2. Yet the roles of ABH2 and ABH3 in carcinogenesis remain elusive. It is still necessary
to understand how the activity of these dioxygenases is involved in pathological processes.

There are a lot of studies in the literature about substrate specificity and its mechanisms
for enzymes ABH2 and ABH3. Nonetheless, this knowledge does not provide a complete
picture elucidating their functions in the human body. At the same time, paradoxically,
for the ABH4 enzyme, whose substrate specificity remains extremely poorly investigated,
its substantial role in the organism has been demonstrated for many processes. At the
same time, the mechanisms underlying this role remain poorly understood. Generally,
the controversial participation of ABH4 in different types of cancer raises new questions
regarding this family of enzymes.

ABHG6 remains the least studied human homolog of AIkB. Its involvement in the
removal of methylation-induced lesions from single-stranded nucleic acids—in contrast to
other homologs such as ABH1, ABH3, and ABH5—remains elusive. Recent reports proving
the ability of this enzyme to bind Tris in its active site provide hope that a change in the
approach to studying ABH6's enzymatic activity may soon yield a better understanding of
this enzyme’s substrate specificity and function.

There is also very little information in the literature on ABH7. Given a supposed
role of this enzyme in the removal of methyl damage from mitochondrial DNA, it can
be assumed that disturbances in its functioning can lead to serious consequences for the
organism. Therefore, further research into its functional properties and participation in
various physiological processes seems extremely important.
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To summarize the discussion presented here, the unique differences between the nine
human homologs of AlkB enzymes still intrigue researchers. Despite the enormous efforts
devoted to studying some of these enzymes, others remain in the shadows. There is an open
field for research into the AlkB family of enzymes regarding their functions in the human
organism, including through the detection and investigation of cases of their malfunction,
particularly in relation to the emergence of various mutations.

6. Conclusions

In this review, up-to-date information about eukaryotic representatives of the family
of AlkB-like nonheme Fe(II)/ -ketoglutarate-dependent dioxygenases responsible for the
dealkylation of macromolecules in the cell is discussed. The reader is introduced to the
main types of methylated adducts that arise in nucleic acids as a result of the impact of
endogenous and exogenous factors. The main body of the review is dedicated to modern
knowledge about the functional characteristics and biological roles of AlkB-like human
homologues in dealkylation processes. Specific features of protein structure, substrate
specificity, known role in the organism, and known consequences of disruption of these
enzymes’ functioning are discussed for each AlkB human homolog. Special attention is
given to reports about effects of natural single-nucleotide polymorphisms on the activity of
these enzymes and to potential consequences for carriers of such natural variants.
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