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DNA methylation is treated as an important epigenetic mark in various biological activities.
In the past, a large number of articles focused on 5mC while lacking attention to N6-
methyladenine (6 mA). The presence of 6 mA modification was previously discovered only
in prokaryotes. Recently, with the development of detection technologies, 6 mA has been
found in several eukaryotes, including protozoans, metazoans, plants, and fungi. The
importance of 6 mA in prokaryotes and single-celled eukaryotes has been widely
accepted. However, due to the incredibly low density of 6 mA and restrictions on
detection technologies, the prevalence of 6 mA and its role in biological processes in
eukaryotic organisms are highly debated. In this review, we first summarize the advantages
and disadvantages of 6 mA detection methods. Then, we conclude existing reports on the
prevalence of 6 mA in eukaryotic organisms. Next, we highlight possible
methyltransferases, demethylases, and the recognition proteins of 6 mA. In addition,
we summarize the functions of 6 mA in eukaryotes. Last but not least, we summarize
our point of view and put forward the problems that need further research.
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INTRODUCTION

DNA methylation is one of the most important epigenetic modifications, and is involved in various
biological progresses. Previously, research mainly focused on 5-methylcytosine (5 mC). 5 mC is the
earliest and best-studied DNA methylation modification in eukaryotes and for most eukaryotes, the
abundance of 5 mC in CpGs is over 50% (Chen et al., 2018; Schmitz et al., 2019). In vertebrates, the
detected 5 mC level of CpGs is over 70% (Feng et al., 2010). 5 mC is widely involved in transcription
suppression, transposon suppression, genomic imprinting, X chromosome inactivation, and
epigenetic memory (Bird, 2002; Chen et al., 2016; Wu and Zhang, 2017). Compared with 5 mC
N6-methyladenine (6 mA) was considered to exist only in prokaryotes for a long time and has
recently been discovered in some eukaryotes with a low prevalence. In prokaryotes, 6 mA plays an
important role in distinguishing host DNA from exogenous DNA (Razin, 1984) and controls many
biological functions, such as DNA replication, transcription, mismatch repair, chromosome
replication, nucleoid organization and segregation, phase variation, bacterial conjugation, and
bacterial virulence (Reisenauer et al., 1999; Wion and Casadesús, 2006; Vasu and Nagaraja,
2013). With the development of detection techniques, 6 mA was reported to be present in an
increasing number of eukaryotes, including Chlamydomonas (Fu et al., 2015), C. elegans (Greer et al.,
2015; Ma et al., 2019), Tetrahymena (Wang et al., 2017), ciliates (Beh et al., 2019), fungi(Mondo et al.,
2017), Arabidopsis Thaliana (Liang et al., 2018), rice(Zhou et al., 2018), Drosophila (Zhang et al.,
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2015; Shah et al., 2019), mice (Yao et al., 2017; Kweon et al., 2019),
rats (Kigar et al., 2017), zebrafish (Liu et al., 2016b), and
humans(Wu et al., 2016; Xiao et al., 2018; Hao et al., 2020).

It has been demonstrated that 6 mA plays an increasingly
important role in eukaryotes. Recently, studies of 6 mA
methylation have gradually advanced, and a growing number
of methyltransferases have been discovered. However, enzymes
involved in 6 mA demethylation in eukaryotes are still scarce, and
the proteins identifying 6 mA sites remain to be explored. In this
review, we first discuss the advantages and disadvantages of 6 mA
detection technologies and the prevalence of 6 mA in eukaryotic
organisms. Then, we highlight the possible methyltransferases,
demethylases, and proteins recognizing 6 mA. Finally, we

summarize the functions of 6 mA and put forward the
problems that need further research.

DETECTION OF 6MA

Over the past few decades, multiple methods have been developed
to detect 5 mC at a single-gene level or whole-genome level based
on sodium bisulfite transformation, chromatography,
methylation sensitive restriction enzymes, 5 mC methyl-
binding proteins or antibodies to 5 mC, as well as rapid and
inexpensive biosensors for detection (Lv et al., 2021; Martisova
et al., 2021). The detectionmethods of 6 mA and 5 mC havemany

TABLE 1 | Advantages and disadvantages of 6 mA detection methods.

Detection
methods

Sensitivity Specificity Detecting at
single-base
resolution

Implement ability Weaknesses

6 mA-IPseq relatively
low

low no relatively low cost, easy to conduct interferences of m1A, m6A, and enrichment of
unmethylated DNA fragments

6 mA-REseq relatively low high yes relatively low cost, easy to conduct limitation of specific restriction sites
HPLC-MS/MS high high no relatively complex operation, a

requirement for instrument
possible bacterial contamination of enzymes

SMRT high relatively low yes incredibly costly interferences of 1 and 6 mA, high false positive rate
Deep leaning relatively

high
relatively
high

yes low cost, save time low confidence, limitations of the model derived from
experimental data

FIGURE 1 | Detection methods of 6 mA. (A) 6 mA-IPseq and 6 mA-REseq. (B) HPLC-MS/MS. (C) SMRT. (D) Deep learning predictive model.
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similar principles. However, due to the low abundance of 6 mA
and possible bacterial contamination, the sensitivity and
reliability of detection technologies are challenged. Here, we
discuss experimental tools and bioinformatics tools for 6 mA
detection and their advantages, disadvantages, and limitations
(Table 1).

6mA-IPseq
6 mA-immunoprecipitation sequencing (6 mA-IPseq) is a
common method of methylation detection. It enriches
methylated genomic fragments using a specific 6 mA antibody
and then identifies DNA motifs by sequencing (Figure 1A) (Fu
et al., 2015). The cost of 6 mA-IPseq is relatively low, however, the
inability of 6 mA antibodies to precisely locate methylation sites
limits the application of this method (Jeong et al., 2016). Recently,
investigators reported the preference of 6 mA antibody to
unmodified adenine, which indicated the possible false positive
results caused by enrichment of unmethylated DNA
(Douvlataniotis et al., 2020). In addition, N6-methyladenosine
(m6A) or m1A in RNA also disturbs the test (Douvlataniotis
et al., 2020). Furthermore, during cell culture, bacterial DNA
containing 6 mA may be incorporated into samples DNA
(Schiffers et al., 2017). Therefore, 6 mA-IPseq requires high-
quality DNA samples without bacterial contamination.

6mA-REseq
Restriction enzyme-based 6 mA sequencing (6 mA-REseq) relies
on a collection of restriction enzymes that digest DNA motifs
without specific methylation (Figure 1A). Genomic DNA treated
with restriction enzymes is fragmented by sonication, end-
repaired, and then ligated to DNA adapters. After PCR
amplification, the DNA library can be prepared for high
throughput sequencing. The unmethylated sequence motifs are
enriched at the end of the sequencing reads while methylated
motifs are present in the inner part of the reads. The ratio of
internal motifs to terminal motifs reveals the relative methylation
to unmethylation ratio (Fu et al., 2015). However, the application
of 6 mA-REseq is limited to specific restriction sites, and
incomplete digestion caused by other reasons may also lead to
false positive results (Laird, 2010; Shanmuganathan et al., 2013).

HPLC-MS/MS
High-performance liquid chromatography coupled with tandem
mass spectrometry (HPLC-MS/MS) is a highly sensitive and
specific method for 6 mA detection. Before being analyzed by
HPLC-MS/MS, purified DNA samples are first digested by
commercial enzymes. Thereafter the digested DNA can be
effectively separated in the chromatographic separation system
due to the different physical and chemical properties of each
component. Next, they are ionized by atmospheric pressure
ionization (API) techniques and then entered into the mass
spectrometer, identified by MS/MS based on mass-to-charge
ratio (m/z) (Vogeser and Seger, 2008; Liu and Wang, 2021)
(Figure 1B). HPLC-MS/MS can accurately quantify the signal
of each nucleoside even if the samples are contaminated by
RNA(Song et al., 2005). However, the result of HPLC-MS/MS
can be easily disturbed by bacterial contamination in samples and

commercial enzymes (Schiffers et al., 2017; Koh et al., 2018;
O’Brown et al., 2019). As a result, strict aseptic conditions and
appropriate experimental control are necessary to ensure the
accuracy and validity of the results.

SMRT
Single-molecule real-time sequencing (SMRT) is based on DNA
polymerases and fluorescence-labeled deoxyribonucleoside
triphosphates (Figure 1C) (Morgan et al., 2009; Flusberg et al.,
2010). In zero-mode waveguides, different fluorescently labeled
deoxyribonucleoside triphosphates (dNTPs) are incorporated
into the DNA chain by DNA polymerase. The type of dNTPs
is determined by the type of fluorescence, and base modifications
of DNA can be directly revealed by changes in inter-pulse
duration (IPD) values, which means the interval between
fluorescence pulses (Flusberg et al., 2010). The development of
SMRT provides a more powerful tool for the direct detection of
modified nucleotides in DNA. However, the high false positive
rate (FPR) of SMRT, especially when the abundance of 6 mA/A is
low, has attracted the attention of researchers (Zhu et al., 2018;
O’Brown et al., 2019; Douvlataniotis et al., 2020). SMRT cannot
distinguish between 6 and 1 mA, and modifications of flanking
cytosine may also cause interference (Schadt et al., 2013;
Douvlataniotis et al., 2020). The high FPR of SMRT is
dependent on the 6 mA rate over the adenines (6 mA/A) in
the genome and the sequencing depth and coverage (average
of IPD values for each strand of the genome reference).
Considering the low level of 6 mA/A in eukaryotes, deep
coverage is indispensable to attain a low FPR (Zhu et al.,
2018). In addition, whole genome-amplified DNA (WGA
DNA, unmethylated DNA) is also recommended as a control
to reduce FPR (Yang et al., 2020). SMRT is also suggested to be
used in combination with other detection methods.

Deep Learning Predictive Model
Compared with traditional laboratory experiments,
bioinformatics tools have significant advantages in terms of
price and time cost (Figure 1D). At present, there are many
deep learning models used for predicting 6 mA, such as
DNA6mA-MINT (Rehman and Chong, 2020), i6mA-stack
(Khanal et al., 2021), SNNRice6mA (Yu and Dai, 2019), SMEP
(Wang et al., 2021), Deep6mA (Li et al., 2021b), LA6mA, AL6mA
(Zhang et al., 2021), GC6mA-Pred (Cai et al., 2022), Meta-i6mA
(Hasan et al., 2021), and BERT6mA (Tsukiyama et al., 2022).
Based on neural networks, Yu and Dai. (2019). proposed a new
method called SNNRice6mA to identify 6 mA sites in rice DNA,
which showed over 90% sensitivity, specificity, and accuracy.
However, the accuracy of SNNRice6mA for cross-species studies
decreased significantly, from 93% and 92% in two types of rice to
61.81% in Mus musculus. Other algorithms also have their
characteristics. For example, Deep6mA presents an accuracy of
more than 90% in predicting plants such as Arabidopsis (Li et al.,
2021b). LA6mA and AL6mA capture location information from
DNA sequences through a self-attention mechanism (Zhang
et al., 2021). GC6mA-Pred mainly identifies 6 mA sites in the
rice genome and outperforms several prediction models,
including DNA6MA-MINT, on independent datasets (Cai
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et al., 2022). These methods present many advantages; however,
there are also some problems. BETR6mA was less effective in
species with small sample sizes and required pretraining and fine-
tuning(Tsukiyama et al., 2022). Although deep learning models
present high accuracy and sensitivity in particular species, they
are doubtful when they are extrapolated to other species. In the
future, with the continuous optimization of deep learning models,
they will play an important role in predicting 6 mA sites.

Prevalence of 6mA
Chemical modification of nucleotide bases in DNA conveys
added information to the genetic code. As the most common
chemical modification, 5 mC is widely present in higher
eukaryotes, such as plants, protozoans, metazoans, and some

fungi (Schmitz et al., 2019). In most species of plants, such as
tomatoes and oranges, 5 mC is tissue-specific and varies during
the growth of plants (Chachar et al., 2021). In vertebrates, the
genomes are extensively methylated, where the detected 5 mC of
CpGs is more than 70% (Feng et al., 2010). In the mammalian
genome, 5 mC primarily occurs within the CpG dinucleotide
context, and 60%–80% of CpGs are methylated (Smith and
Meissner, 2013; Luo et al., 2018a). However, it was almost
undetectable in Drosophila and C. elegans Chen et al., 2018).
In fungi, Bewick et al. (2019). analyzed the prevalence of 5 mC in
40 fungal species and discovered that the level of 5 mC in
Basidiomycota was the highest whether in a genomic location
or sequence context. Whereas 5mC was nonexistent in common
fungi such as Saccharomyces cerevisiae (a species of yeast) and

FIGURE 2 | Methylation and demethylation of 6 mA. (A) The methyl group on SAM was added to the sixth position of the adenine ring primarily with the help of
methyltransferases. Under the catalysis of demethylase ALKBH1, 6 mA is oxidized to the 6 hmA intermediate by Fe2+, O2, and α-KG, and then 6 hmA spontaneously
degrades to adenine and generates formaldehyde without the catalysis of demethylase. Readers (proteins recognizing 6 mA) may recognize the 6 mA modification and
manipulate the fate of 6 mA-modified genes in different cellular contexts. (B) Seven kinds of 6 mA methyltransferases, four kinds of 6 mA demethylases, and two
kinds of proteins recognizing 6 mA in 7 different organisms are shown in a simplified phylogenetic tree. Color codes represent the methyltransferases,
demethyltransferases, and proteins recognizing 6 mA in the corresponding organism and proteins.
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Aspergillus nidulans. In addition, fungi were reported to lack
canonical gene-body methylation, which meant 5 mC was not
evenly distributed.

Compared to 5 mC, 6 mA was detected extensively in
prokaryotes (Figure 2A). In eukaryotes, the existence of 6 mA
is controversial. Recently, some research has shown the existence
of 6 mA in eukaryotes, including protozoans, metazoans, plants,
and fungi. In different biological genomes, the abundance of
6 mA is quite different. In 2020, Lizarraga et al. reported that
6 mA accounted for 2.5% of the total adenine in the parasite
Trichomonas vaginalis. They also demonstrated that 6 mA was
mainly located in intergenic regions (94% of 6 mA-IPseq peaks).
Among the 6 mA peaks located in genes (6%), most were
distributed between the coding region (48%) and the
transcription termination sites (TTSs; 43%), with only 9%
found in the TSSs (Lizarraga et al., 2020). In Drosophila, the
6 mA level peaked (~0.07%, 6 mA/A) at the 0.75-h embryonic
stage and then decreased to a low level (~0.001%, 6 mA/A) at
4–16 h embryonic stages (Zhang et al., 2015). However, in a more
recent publication, it was demonstrated that the real level of
6 mA/A in total genomic DNA (gDNA) was 2 parts per million
(p.p.m.) (CI, 1–10 p.p.m.) suggesting that previous measurements
could be affected by bacterial contamination (Kong et al., 2022).
In Bdelloid rotifer, 6 mA existed on 17,886 adenines (0.0236% of
total adenines) (Rodriguez et al., 2022). In C. elegans, 6 mA
accounted for 0.7% of the total adenine in the genome by
SMRT sequencing (equivalent to 0.3% adenine methylated),
which was further confirmed by UHPLC-MS/MS (Greer et al.,
2015). In Tetrahymena, 6 mA was highly enriched in the NATN
motif at linkers and transcription start sites (TSSs) (Wang et al.,
2017; Luo. et al., 2018b). However, 6mASCOPE showed that the
6 mA/A level of VATN sites was 2–3 times higher than that of
NATN sites (Kong et al., 2022). Compared to protozoans and
metazoans, 6 mA has been less researched in plants and fungi. In
2018, Zhang et al. (2018). adopted multiple methods, including
LC-MC/MC, 6 mA-IPseq, and 6 mA-REseq, and revealed that the
6 mA level ranged from 0.15% to 0.55% in rice seedlings. In
addition, they also found that 6 mA was widely distributed in the
Japonica and Indica genomes and enriched in promoters and
exons. InArabidopsis, Liang et al. (2020). reported that the level of
6 mA was up to 0.048% (6 mA/A) by LC-MS/MS. Kong et al.
(2022). quantified the 6 mA/A level in 21-day-old Arabidopsis
seedlings (approximately 2,500 p.p.m. 6 mA/A by LC-MS/MS).
However, using 6 mASCOPE, they found that Arabidopsis only
contributed to 4.21% of the total 6 mA events (3 p.p.m.; CI, 1–10
p.p.m.) and others were probably from four soil bacteria
(Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes).
In sea buckthorn (Hippophae rhamnoides Linn.), the level of
6 mA was 0.016% by using nanopore sequencing at single-base
resolution (Zhang et al., 2022a). Fu et al. 2015. reported that
6 mA-marked genes accounted for 84% of all genes in
Chlamydomonas, and 6 mA was enriched in TSS. The
existence of 6 mA has also been reported in Fig (Ficus Carica
L.) (Usai et al., 2021). In fungi, Mondo et al. researched almost all
the phyla of early-diverging fungi (EDF) and the Dikarya phyla
and found that the abundance of 6 mA in EDF accounted for
2.8% of all adenines by SMRT, whereas the 6 mA level in the

Dikarya could be a false positive by 6 mA-IPseq (Mondo et al.,
2017). In EDF, 6 mA was symmetrically methylated, mainly
present in the ApT context, and had a high density in
methylated adenine clusters (MACs), whereas none of these
were found in the Dikarya. In contrast to other EDFs, the
6 mA level in the arbuscular mycorrhizal fungi (AMF;
Glomeromycotina) genome was 0.12%–0.17%, which was
lower than that in other EDFs and similar to that in Dikarya
and other eukaryotes (Chaturvedi et al., 2021).

The discovery of 6 mA modification in mammalian DNA has
become a major focus of scientists. During embryogenesis in pigs,
the level of 6 mA undergoes dynamic changes (Liu et al., 2016b).
6 mA gradually accumulated, reaching a maximum of ~0.17%,
and then decreased to 0.05%. They also reported a low abundance
of 6 mA in adult pig tissues. Similarly, 6 mA was detected in
mouse embryonic stem cells (ESCs). In the H2A. X deposition
regions, the 6 mA level presented an abundance of ~25–30 p.p.m.
(Wu et al., 2016). In contrast, the level of 6 mA showed a linear
increase in the embryonic states of mice and zebrafish (Fernandes
et al., 2021). However, another group of researchers could not
detect 6 mA in mouse ESCs or other tissues, which aroused
extensive discussion (Schiffers et al., 2017). 6 mA existed in all
of the brain regions and significantly increased up to 25.5 p.p.m.
in the PFC upon stress. In 2018, Xiao et al. (2018). reported that
the density of 6 mA was 0.051% in the human genome by SMRT
sequencing, and the LC-MS/MS result was ~0.056%. It was also
reported that the 6 mA reached a level of 1,000 p.p.m. in
glioblastoma stem cells and primary glioblastoma (Xie et al.,
2018). However, the 6 mA level was found to be only 2 p.p.m. (CI,
1–16 p.p.m.) and 3 p.p.m. (CI, 1–13 p.p.m.) by 6mASCOPE in the
two glioblastoma species, suggesting that the 6 mA level in
human cells might be overestimated (Kong et al., 2022).
Zhang et al. 2022b. identified 2,373 unstable methylated genes
containing 6 mA and 5 mC modifications after comparing the
methylated genes in HCC (hepatocellular carcinoma) and
adjacent liver tissues. These results suggest that 6 mA may
play an important role in human disease. Recently, 6 mA was
found to be enriched in mitochondrial DNA (mtDNA) in
humans. However, the distribution characteristics of 6 mA in
mtDNA are debated. Koh et al. (2018). reported that 6 mA was
enriched in the heavy strand of mtDNA and arranged throughout
the entire mtDNA with no bias toward any specific region. In
contrast, Hao et al. (2020). discovered that 6 mA was distributed
in the promoter region and enriched in the ND2, COI, and
ND4–ND6 regions.

The discussion above has demonstrated the existence of 6 mA
in plants, protozoans, metazoans, and some fungi; however, some
investigators believe that the current evidence is still insufficient
due to bacterial contamination, interfering factors, and high FPR
(Liu et al., 2017; O’Brown et al., 2019; Douvlataniotis et al., 2020).
They believe that 6 mA should be considered a methylation
modification only in basal fungi, ciliates, and green algae but
not in animals or plants (Bochtler and Fernandes, 2021). Kong
et al. (2022). developed a metagenomic method (a machine
learning algorithm) and found that commensal or soil bacteria
could explain the majority of 6 mA in insect and plant samples,
and there is no evidence of the high 6 mA abundance in
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Drosophila, Arabidopsis, or humans. They also reported that even
E. coli plasmids with Dam methyltransferase mutations were
6 mA-enriched, thus interfering with the evaluation of possible
6 mAmethyltransferases and demethylases. Some researchers are
optimistic about the existence of 6 mA. Using contamination-free
UHPLC-MS/MS technology, they reported the presence of 6 mA
in 3 cultured human cell lines (HEK293T, human mesenchymal
stem cells, and human ESCs) without mycoplasma
contamination (Liu et al., 2020).

DNA Methylation and Demethylation
of 6mA
In eukaryotic DNA methylation and demethylation, “writers”
(methyltransferase), “erasers” (demethylases), and “readers”
(recognition protein) play central roles. An in-depth study of
these three enzymes contributes to revealing the epigenetic
mechanism of methylation modification. Here, we discuss
6 mA methyltransferases and demethylases and summarize the
candidate proteins recognizing 6 mA that have been discovered
thus far (Figure 2B).

“Writers”-Methyltransferases of 6mA
The methyl groups of 5 mC and 6 mA are catalyzed by
methyltransferases via S-adenosylmethionine (SAM). 5 mC is
formed by two kinds of methyltransferases to establish and
maintain 5 mC formation together. For example, in mice and
humans, Dnmt3 andDnmt1 are responsible for the establishment
and maintenance of 5 mC, respectively (Chen and Zhang, 2020).
They add the methyl group on SAM to the fifth position of the
cytosine ring, forming 5 mC methylation. Notably, in other
organisms, their methyltransferases are mostly homologous
with these two enzymes, such as MET1 and DRM2 in plants,
and Dnmt5 and Dnmt1 in fungi (Schmitz et al., 2019).

For 6 mA, the methyl group on SAM was added to the sixth
position of the adenine ring primarily with the help of the MT-70
methyltransferase family (Li et al., 2019; Joshi et al., 2021; Boulias
and Greer, 2022). MT-A70 was considered to have evolved from
M.MunI-like DNA 6 mA methyltransferases of bacteria (Wang
et al., 2019). The 6 mAmethyltransferases reported in eukaryotes
are mainly members of the MT-A70 family, such as
methyltransferase like 4 (METTL4) in most mammals,
DAMT-1 in C. elegans, TAMT-1 and MTA1c in Tetrahymena
thermophila, and DAMT in Phytophthora (a kind of fungi)
(Figure 2B) (Greer et al., 2015; Luo et al., 2018b; Chen et al.,
2018; Hao et al., 2020). Greer et al. indicated that DAMT-1 was a
6 mA methyltransferase in C. elegans. The evidence showed that
6 mA was significantly decreased after knocking down DAMT-1,
which suppressed the transgenerational phenotypes, and the
mutation of DPPW (the catalytic domain of DAMT-1)
inhibited the increase in 6 mA (Greer et al., 2015). In
Thermophila ciliates, MTA1c (a complex of MTA1, MTA9, p1,
and p2) was reported as a 6 mA methyltransferase and had a
special favor for the ApT context. In addition, Beh et al. (2019).
found that MAT1 and MAT9 did not have the domain necessary
for binding to DNA. Only in the presence of p1 and p2 can
MTA1c catalyze 6 mA methylation. In T. thermophila, Wang

et al. (2019). reported a methyltransferase named AMT1, which
contained the catalytic motif DPPW. In rice, DDM1 played an
important role in 6 mA methylation, and its mutations affected
the development of rice by downregulating the expression levels
of GHD7, BRD1, and DWF7 (Zhang et al., 2018b). In
Phytophthora, it was reported that the 6 mA level was
significantly reduced and there was a greater loss in the
second peak of the bimodal methylation pattern around the
TSS in the DAMT mutant, which suggested that DAMT might
contribute to 6 mA modification and prefer to the methylation
gene bodies after the TSS (Chen et al., 2018). In almost all EDFs,
including AMF, AMT1 was found to be a methyltransferase, and
the ApT context was symmetrically methylated in the genome
(Chaturvedi et al., 2021).

In mammals, the presence of 6 mA methyltransferase is
controversial. In Mettl4 knockout (KO) mouse ESCs, the
abundance of 6 mA dropped from an average of 8.6 p.p.m. in
wild-type (WT) ESCs to an undetectable level (Kweon et al.,
2019). The level of 6 mA in spleen genomic DNA also decreased
with the inactivation of METTL4, which contains the catalytic
motif DPPW. Furthermore, METTL4 was discovered to
accumulate in mitochondria and suppress transcription at the
mitochondrial promoter region by regulating 6 mA. In contrast,
Chen et al. (2020). could not detect 6 mA in 293T cells, and
alterations in METTL4 expression levels did not affect 6 mA
detection. N-6 adenine-specific DNA methyltransferase 1
(N6AMT1) was reported as a methyltransferase in humans,
containing a catalytic conserved motif NPPY (Xiao et al.,
2018). The study indicated that silencing or overexpressing
N6AMT1 could regulate the level of 6 mA in the human
genome. However, another study found that N6AMT1 cannot
function as a methyltransferase in glioblastoma (Xie et al., 2018).
Structural analysis showed that N6AMT1 has the potential ability
to catalyze adenine methylation in DNA. Nevertheless, the
negative charges surrounding the active site make it difficult to
bind to the negatively charged phosphate backbone of a DNA
substrate (Li et al., 2019; Woodcock et al., 2019). One possible
explanation is that N6AMT1 can bind to DNA in combination
with some kind of partner proteins; however, such a hypothesis
has not been confirmed in eukaryotes.

Remarkably, new evidence indicated that 6 mA modification
in mammalian DNA is not methyltransferase-generated but
DNA polymerase dependent. Musheev et al. (2020). showed
that 6 mA was not dependent on methyltransferases but was
incorporated by DNA polymerases, and one source of 6 mA may
be m6A in RNA. Another study revealed that DNA polymerase
lambda (Pol λ) contributed to 6 mA modification in DNA via
nonhomologous end joining (NHEJ) repair (Liu et al., 2021a).
The complex origins of 6 mA in mammals are not fully
understood.

“Erasers”-Demethylases of 6mA
The removal of 5 mC is a classic demethylation process. The
multistep erasure of 5 mC relies on the oxidation and removal of
multiple methylation enzymes. A typical example is the
demethylation of 5 mC mediated by TET in mammals (Fritz
and Papavasiliou, 2010; Young et al., 2015; Wu and Zhang, 2017).
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Under the catalysis of TET, Fe2+, O2, and α-KG oxidized 5 mC to
5 hmC, 5fC, and 5caC successively (Tahiliani et al., 2009; He et al.,
2011; Ito et al., 2011). In addition, SIDML2 in tomatoes, ROS1 in
Arabidopsis, and T7H in fungi were all reported to be involved in
5 mC demethylation (Li et al., 2015; Lang et al., 2017; Zhang et al.,
2018a).

Regarding 6 mA, studies on demethylases are more in-depth
in mammals and less in other eukaryotic organisms, especially in
plants and fungi (Chachar et al., 2021). Its removal is primarily
dependent on the alpha-ketoglutarate-dependent dioxygenase
(AlkB) family, which contains conserved Fe2+ and 2OG (2-
oxoglutarate, α-KG)-dependent dioxygenase domains. It was
reported that ALKBH1 could convert 6 mA to N6-
hydroxymethyladenine (6 hmA), and 6 hmA could
spontaneously degrade to adenine and generate formaldehyde
without the catalysis of ALKBH1 (Figure 2B) (Xiao et al., 2018;
Zhang et al., 2020). This is different from the methylation of
5 hmC, which does not produce formaldehyde due to
nucleophilic attacks, such as exogenous thiols (Liutkeviciute
et al., 2009; Schiesser et al., 2013). HALKBLH1 in the human
ALKBH (hALKBH) family contains Flip0 at the N-terminus, a
nucleotide recognition cap (NRL) containing Flip1 and Flip2, and
a catalytic center. Key amino acid residues in NRL potentially
determine the specific recognition and demethylation of
hALKBH (Tian et al., 2020). In C. elegans, Greer et al. (2015).
indicated that the mutant NMAD-1 could decrease
demethylation ability, which suggested a new kind of
demethylase. The methyltransferase of the 6 mA signature
called DPPW in NMAD-1 was important for substrate
recognition and catalytic activity. It was shown that in
NMAD-1 mutant worms, their fertility was inhibited across
generations. Xiao et al. (2018). reported that the ALKBH
family might also be involved in the demethylation of 6 mA in
C. elegans. In addition to the AlkB family, the TET family also
plays an important role in the removal of 6 mA. In Drosophila,
DMAD (Drosophila DNA 6mA demethylase), a member of the
TET family, is involved in the demethylation of 6 mA. It was
demonstrated that DMAD had a core catalytic domain called
DSBH (double-stranded β-helix) fold present in all AlkB family
members and specifically inhibited modification of 6 mA, which
played an important role in promoting GSC (germline stem cell)
differentiation and resulted in the loss of germ cells (Zhang et al.,
2015).

ALKBH1 is a demethylase in humans and mice. It was
reported that ALKBH1 could precisely regulate the 6 mA level
in mouse ESCs (Wu et al., 2016). The results of Li et al. (2020).
also revealed the role of ALKBH1 as a DNA demethylase in mice.
In humans, the expression of ALKBH1 influenced the prevalence
of 6 mA (Xiao et al., 2018). Furthermore, the role of ALKBH1 in
human mitochondria was identified. The level of mitochondrial
6 mA in ALKBH1-KO cells was slightly higher than that in
ALKBH1-WT cells (Koh et al., 2018). In addition, the
demethylation effect of ALKBH1 was also reported in
glioblastoma. The preference of ALKBH1 was demonstrated
by a pull-down assay and ALKBH1 ChIP-seq (Xie et al.,
2018). However, some reports indicated that ALKBH1
knockout had no impact on 6 mA levels in mouse ESCs and

HEK293T cells, implicating the complexity of DNA
demethylation (Liu et al., 2016a; Liu et al., 2020). ALKBH4 is
orthologous to DMAD (6 mA demethylase in Drosophila) and
NMAD-1 (6 mA demethylase in C. elegans). Its potential role in
DNA demethylation in mice has been reported (Kweon et al.,
2019). However, more evidence is still needed to confirm its role
as a 6 mA demethylase.

“Readers”-Proteins Recognizing 6mA
Proteins that specifically recognize 5 mC-methylated DNA have
been identified in the last century, such as MeCP2, a polypeptide
containing both the methyl-CpG binding domain (MBD) and
transcriptional inhibition domain (TRD) in mammals (Hendrich
and Bird, 1998).

He et al. (2019). found a kind of protein in the Fox family
called Jumu, which could recognize and bind 6 mA-modified
DNA in Drosophila (Figure 2B). Jumu can regulate early
embryogenesis by inducing 6 mA-labeled genes called Zelda.
Zelda was reported to positively regulate a group of miRNAs
in Drosophila embryos by binding to cis-regulatory enhancers
and affecting the expression of transcriptional regulators
thereafter (Fu et al., 2014). After the Jumu-mutated oocytes
combined with normal sperm, 72% of the embryos failed to
develop into larvae. However, a zygote combined with mutant
sperm and normal oocytes can develop normally, and most dead
mutant embryos do not show a segmentation phenotype. Their
study demonstrated the importance of the 6 mA-binding protein
for the regulation of biological activity. Similarly, single-stranded
DNA-binding protein 1 (SSBP1), containing HNRNP and YTH
domains, was also considered another protein recognizing 6 mA
in human mitochondria, which preferentially binds to ssDNA
along the heavy chain, consistent with the position of 6 mA
enrichment. The presence of 6 mA decreased the melting
temperature of dsDNA, thus collecting SSBP1 into the heavy
chain of mitochondria. (Koh et al., 2018; Shen et al., 2022). In
addition, under hypoxic stress, the abundance of 6 mA in
mitochondrial DNA was significantly increased, thus
promoting the inhibition of mtDNA transcription by
repressing the binding of mitochondrial transcription factor A
(TFAM) (Hao et al., 2020). During the differentiation of
trophoblast stem cells in mice, the expression of 6 mA in
SIDD was significantly increased, which obstructed the
binding of SATB1 to chromatin (Li et al., 2020). Some
scholars questioned whether 6 mA could actively repel SATB1
binding because the dramatic bending of the DNA helix inhibited
the binding of SATB (Li et al., 2021a; Boulias and Greer, 2022).
Although these reports have shown the existence of proteins
recognizing 6 mA, the downstream process after recognition is
still not fully understood.

Function of 6mA
5 mC has attracted much attention, and multiple biological
functions of 5 mC have been demonstrated, including
transcription suppression, transposon suppression, genomic
imprinting, X chromosome inactivation, and epigenetic
memory (Bird, 2002; Chen et al., 2016; Wu and Zhang, 2017).
However, research on 6 mA is still limited. In this section, we
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summarize several widely recognized functions of 6 mA in
eukaryotes.

6mA and Gene Expression
In different organisms, the prevalence of 6 mA showed different
effects on gene expression. It has been confirmed that 6 mA
promotes gene expression in Oxytricha (Beh et al., 2019), rice
(Zhang et al., 2018b), Chlamydomonas (Fu et al., 2015; Mondo
et al., 2017), and fungi(Mondo et al., 2017) but not in mammals
(Wu et al., 2016). The 6 mA level in Oxytricha was decreased by
mutating the methyltransferase MTA1; however, only a few genes
were significantly altered. The genes with a lower or greater loss of
6 mA markers near the TSS in mutants had little change in
transcription, which meant drastic changes in the 6 mA level had
a low effect on the level of overall transcription across the genome
(Beh et al., 2019). This may be because the MTA1 mutant did not
completely eliminate 6 mA or other DNA methylation modes in
the genome can sufficiently buffer genes from changes in
transcription. Similarly, in fungi, 6 mA might promote the
likelihood of gene expression, and the level of actual gene
expression may be regulated independently to maintain the
stability of genome transcription (Mondo et al., 2017). The
level of 6 mA-modified genes in wild-type rice was
significantly higher than that in mutant rice (Zhang et al.,
2018b). The R2R3-MYB protein in Arabidopsis, one of the
largest transcription factors in the MYB family, has a
significantly reduced affinity when binding to 6 mA-modified
DNA compared to unmodified DNA (Wang et al., 2020). In
Chlamydomonas, 6 mA near the TSS region marks active
transcription genes(Fu et al., 2015). Sheng et al. also reported
that the change in the 6 mA level in TSS was correlated with the
expression of highly differentially expressed genes (DEGs) (Sheng
et al., 2021). Although many reports have shown that 6 mA can
promote gene expression in various eukaryotes, there is evidence
supporting that 6 mA blocks the transcription of mammalian
genes. For instance, the accumulation of 6 mA located on the X
chromosome and Chr13 in mammals and the 6 mA density of
young full-length line-1 transposons affected the inhibition of
gene expression levels (Wu et al., 2016). In another study of 6 mA
in mammalian mitochondria, the transcription of heavy and light
chains with 6 mA modification at the promoter region was also
inhibited in vitro (Hao et al., 2020). However, 6 mA was
considered a marker of actively transcribed genes in human
liver tissues (Cui et al., 2022). For the mechanism of 6 mA
affecting gene transcription, one possible explanation is
regulating the combination of genes and their transcription
factors. It was reported that the decrease in 6 mA in the
promoter of BMP2 could enhance the binding of October4
(octamer-binding transcription factor 4) and then activate
BMP2 transcription (Ouyang et al., 2021). The detailed
process and relevant molecules remain to be further studied.

6mA and Nucleosome
Research has shown that 6 mA can assist in nucleosome
localization. In Chlamydia, 6 mA near TSS sites presents
periodic distribution and distributes between the small bodies
that connect the nucleus, which may help nucleosome

localization. If the distance between the two adjacent 6 mA
sites is longer than the length of a nucleosome, the
nucleosome is likely to be located between the two adjacent
6 mA sites (Fu et al., 2015). In ciliates, 6 mA is directly
detrimental to nucleosome occupancy in local, quantitative,
and intrinsic features in vivo (Luo. et al., 2018b; Beh et al.,
2019). Similarly, Wang et al. reported that 6 mA and
nucleosome distributions downstream of TSS had two damped
oscillations with periods of ~200 bp but opposite phases (Wang
et al., 2017; Wang et al., 2019). However, 6 mA did not exhibit the
ability to affect nucleosome occupancy in vitro due to endogenous
chromatin assembly factors (such as trans-acting factors), DNA
sequences, and chromatin remodeling complexes (Wang et al.,
2017; Beh et al., 2019). Another reason is that 6 mA can change
the curvature and stiffness of DNA, which is not conducive to the
formation of small nucleosomes (Luo et al., 2018b). The
relationship between 6 mA and nucleosomes in the eukaryotes
mentioned above is similar to the function of 5 mC (Huff and
Zilberman, 2014; Wang et al., 2017). The dense 5 mC on DNA
could alter the major and minor grooves and not facilitate the
curvature of DNA within nucleosomes, which would make the
nucleosomes unstable (Pérez et al., 2012; Jimenez-Useche et al.,
2013). The results suggest that different types of methylation
modifications may affect nucleosome location. 6 mA
modification and nucleosome localization may also regulate
gene transcription and thus participate in a series of processes
in eukaryotes. In starved T. thermophila, the amplitude (peak-to-
trough distance) of nucleosome distribution was increased,
whereas the amplitude of 6 mA distribution was decreased.
This was probably because DNA replication and transcription
perturbed nucleosomes. More highly methylated 6 mA sites were
found in linker DNA, which could reinforce nucleosome stacking
and stabilize it (Sheng et al., 2021). This suggests that the
interaction of 6 mA and nucleosomes may play an important
role in epigenetic processes. It was also reported that the decrease
in 6 mA in the BMP2 promoter could promote the binding of
October4 (octamer-binding transcription factor 4) to the BMP2
promoter and then increase BMP2 transcription (Ouyang et al.,
2021). In another study, 6 mA was reported to promote
heterochromatin formation in human glioblastoma via
H3K9me3 histone modification (Xie et al., 2018). The effect of
this relationship between 6 mA and nucleosome localization on
gene transcription requires further in-deep research.

6mA and Stress
Under the influence of 6 mA, eukaryotes have different tolerances
to environmental stresses. In Tetrahymena, the global level of
6 mA was reduced, and the percentage of highly asymmetric
6 mA was increased under starvation (from 0.18% to 1.45% in
vegetative cells and 0.12%–0.93% in starved cells). As mentioned
above, upon starvation, the change in 6 mA located 1 kb
downstream of TSS was correlated with the expression of
DEGs (log2-fold change), and the nucleosome positioning
degree was also increased in starved cells (Sheng et al., 2021).
In rice, dysfunction of heat shock transcription factor A1 (HsfA1)
and heat shock protein 70 (HSP 70) induced by 6 mA
modifications decreases the sensitivity to heat stress. In
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addition, the increase in 6 mA density led to a decrease in cold
resistance and increased salt and heat resistance (Zhang et al.,
2018b). Under hypoxia, METTL4 was upregulated in
mitochondria, leading to upregulation of 6 mA levels. This
may be regulated by HIF1α and balance the increased ROS to
adapt to hypoxia in mammals. (Hao et al., 2020). The hypoxic
stress-induced HIF pathway may play an important role in
human diseases (Jain et al., 2018; Guo et al., 2020; Liu et al.,
2021b; Liu et al., 2022).

In addition, changes in mammalian environmental stress can
cause changes in 6mA, which means that neuronal activities may
affect the prevalence and abundance of 6 mA. Evidence shows that
6 mA exists in the mammalian brain and increases upon stress,
which is negatively correlated with LINE transposon expression. In
the prefrontal cortex (PFC), 6 mA significantly accumulated and
underwent dynamic changes upon chronic stress exposure. A
negative correlation between 6mA and the expression of some
neuronal genes was also reported(Yao et al., 2017). Consistent with
this, another group found that 6mAwas upregulated and negatively
correlated with Hrt2a gene expression in the amygdala upon early
life stress in rats (Kigar et al., 2017). Under hypoxic conditions, after
ALKBH1 knockdown, genes in the hypoxia pathway were
downregulated, and DNA damage and p53 pathway genes were
upregulated in glioblastoma (Xie et al., 2018). However, which
factors and pathways regulate gene expression changes under
hypoxic conditions has not been discussed.

6mA and Embryogenesis
6 mA may play an important role in embryonic development.
The dynamic change was observed in the embryonic stage of
Drosophila, and it may be regulated by DMAD, whose
overexpression led to the loss of germ cells, including GSCs.
This finding supported that DMADmay play a role in promoting
GSC differentiation. (Zhang et al., 2015). Recently, evidence
indicated that 6 mA was possibly related to mammalian
embryogenesis. As mentioned earlier, the 6 mA density in pig
embryos rose to ~0.17% and then decreased to ~0.05% during
embryogenesis, suggesting the possible biological function of
6 mA (Liu et al., 2016b). In zebrafish embryos, the level of
6 mA increased to a maximum of ~0.1% and then gradually
decreased to approximately 0.006% (Liu et al., 2016b). However,
another study showed that the level of 6 mA presented a linear
increase in the embryonic states of mice and zebrafish (Fernandes
et al., 2021). In mice, 6 mA is most abundant in the lungs, spleen,
and brain, especially in the prefrontal cortex (PFC); therefore, it
may play an important role in regulating the development of the
nervous system and may be associated with certain neurological
disorders (Fernandes et al., 2021). 6 mA was also detected in
mouse ESCs. The authors found that 6 mA accumulated in the
young long interspersed element 1 (LINE-1) and blocked
transcription of their neighboring genes (Wu et al., 2016).
Consistent with this conclusion, Li et al. (2020). also reported
dynamic changes in 6 mA during early embryogenesis. The
evidence showed that 6 mA mainly existed in intergenic
regions, such as LINE-1s and modulated the ESC-to-TSC
(trophoblast stem cell) transition by antagonizing SATB1 (a
well-known SIDD regulating protein expressed in TSC).

6mA and Human Disease
The extent of DNAmethylation is related to the pathogenesis and
progression of many diseases. 5 mC modification of DNA is
closely related to hypertension (Han et al., 2016). Recently, the
relationship between 6 mA and hypertension has also been
revealed (Guo et al., 2020). In human and mouse hypertension
models, leukocyte 6 mA DNA level was significantly decreased
and returned to normal after successful treatment. The
prevalence of 6 mA can regulate the expression of key genes
and modify cell functions, which accelerates the pathological
progress of human diseases. The investigators demonstrated the
potential protective role of ALKBH1-mediated 6 mA level in Ang
II-induced vascular remodeling. The silencing of ALKBH1
increased the prevalence of 6 mA in VSMCs and inhibited
Ang II-induced phenotypic transformation, proliferation, and
migration of VSMCs, mediated by the HIF1α-dependent
pathway (Guo et al., 2020). In another study of patients with
chronic kidney disease (CKD) in the clinical setting, Ouyang et al.
(2021). found that the 6 mA level of leukocytes decreased
significantly as the severity of vascular calcification (VC)
increased. In addition, the mRNA expression of ALKBH1 was
significantly upregulated in patients with CKD with VC, which
could cause the change of 6 mA level in leukocytes(Chaudhary,
2022). The possible mechanism is that ALKBH1 reduces 6 mA
density in the BMP2 promoter of VSMCs and thus promotes the
binding of October4. BMP2 transcription is activated and induces
an increase in RUNX2 expression thereafter, ultimately resulting
in osteogenic reprogramming of VSMCs and VC progression.
Using October4-knockout mice, they found that October4 could
downregulate BMP2 expressions which could alleviate
calcification effect of ALKBH1 overexpression (Rong et al.,
2014; Ouyang et al., 2021). Another study reported that
ALKBH1 promoted adipogenic differentiation and contributed
to the accumulation of adipose tissue. The results showed that
ALKBH1 decreased the 6 mA levels of HIF-1α and GYS1 and
then activated the HIF-1 pathway (Liu et al., 2022).

Abnormal dynamic regulation of 6 mA has been reported in
many cancers. 6 mA methyltransferases such as N6AMT1 have
been shown to inhibit tumor progression (Xiao et al., 2018; Shen
et al., 2022). A recent study showed that the density of 6 mA in
highly expressed genes was significantly higher, and the 6 mA
density was decreased in LINE and SINE gene repetition regions
in HCC, which might lead to chromosome defects or
rearrangements similar to 5 mC, thus promoting the
development of cancer (Cui et al., 2022). However, how 6 mA
affects subsequent biological processes has not been reported and
is worth further investigation. Xiao et al. reported that 6 mA
contents were decreased in primary gastric and liver cancers. Loss
of 6 mA promoted tumorigenesis, which was related to the
regulation of N6AMT1 and ALKBH1 (Xiao et al., 2018).
Similarly, depletion of 6 mA led to the accumulation of sensor
proteins such as ASXL1, which contributed to the onset and
metastasis of aggressive tumors (Kweon et al., 2019). In
glioblastoma, the dynamic regulation of 6 mA was related to
tumor progression. The regulation of 6 mA methylation at
specific sites by methyltransferases and demethylases has an
impact on the proliferation, self-renewal, and formation
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capacity of tumors (Xie et al., 2018). In the occurrence of triple-
negative breast cancer (TNBC), overexpression of ALKBH1 or
downregulation of N6AMT1 can reduce the resistance of TNBC
cells to olaparib (a PARP inhibitor targeting DNA repair). This
may be due to the decreased level of 6 mA can reduce the
expression of LINP1. Meanwhile, the overexpression of γ-
H2AX (a marker of DNA damage) regulated by N6AMT1 in
TNBC cells was significantly reduced, suggesting that 6 mA plays
an important role in DNA damage repair (Sheng et al., 2020).
Notably, intratumor bacteria were discovered in many human
solid tumors (Nejman et al., 2020). Therefore, it is necessary to
avoid possible bacterial contamination while detecting 6 mA in
the tumor genome.

DISCUSSION

6 mA plays an important biological role in prokaryotes. Although
many studies have indicated the presence of 6 mA in eukaryotes,
bacterial contamination and other false positives of nonspecific
methylation of DNA or RNA are still the primary factors affecting
the prevalence and even the actual presence of 6 mA in
eukaryotes. Therefore, it is necessary to use cross-validation of
different detection methods to guarantee accuracy. Some
methods to minimize the error were also proposed. To test
bacterial contamination, amplification of prokaryotic 16 S
rRNA genes by PCR using universal 16 S primers is
recommended (Liang et al., 2020). Digesting RNA may also be
taken into consideration to decrease interference. In the future,
we hope more research will focus on developing a new generation
of detection techniques that can exclude bacterial contamination
and address false positives. In addition, existing publications need
to be re-evaluated to determine 6 mA abundance and actual
enzymes involved in 6 mA methylation, demethylation and
cognition.

The incredibly low abundance of 6 mA reported in eukaryotes
raises questions about its biological functions. The abundance of
6 mA presents dynamic changes during embryogenesis and
under environmental stress. In addition, it varies among
eukaryotes and even in different tissues and cells of the same
organism. The large variation in 6 mA abundance among
different reports is possibly due to bacterial contamination and
different detection methods, or it may be related to the types,
development stages, and nutritional status of cells. The level of
6 mA and the underlying factors that influence it need further
confirmation. Importantly, researchers need to take action to
prevent the results from interfering with bacterial contamination.

The enzymes of the MT-A70 family are common
methyltransferases in eukaryotes. Recently, new evidence has
shown that 6 mA is DNA polymerase-dependent (discussed
earlier). Researchers have suggested that 6 mA plays a role in
minimizing the incorporation of 8-oxo-2′-deoxyguanosine (8-
oxoG) opposite to adenine by DNA polymerases and thus
contributes to DNA damage repair based on the existing
evidence. It is a noteworthy hypothesis, and we look forward
to witnessing more promising discoveries in this direction.
Demethylase has been studied extensively in metazoans but is

relatively rare in plants and fungi. Under the catalysis of the
demethylase ALKBH1, 6 mA is oxidized to 6 hmA, which can
spontaneously degrade to adenine and generate formaldehyde
without the catalysis of demethylase. However, the specific
processes of other demethylases remain to be explored. In
addition, there has been little focus on 6 mA binding proteins,
and their potential function may be underestimated. Proteins that
recognize 6 mA may assist methyltransferase and demethylase
without domains that recognize 6 mA-modified DNA to regulate
the expression of 6 mA and may have dramatic effects on various
biological processes. In conclusion, the prevalence of 6 mA in
eukaryotes is regulated by methyltransferases and demethylases;
however, the existing studies on factors and pathways involving
the process are limited. In addition, whether there are other
enzymes that synergistically mediate the abundance of 6 mA in
eukaryotes reminds to be explored. Recently, the relationship
between 6 mA regulated by the methylase N6AMT1 and
demethylase ALKBH1 and the occurrence of human diseases
has been reported, which leads to a new research boom. We
expect to see more breakthroughs in “writers,” “erasers,” and
“readers” and shed light on the dynamics and roles of 6 mA in
living organisms in the future.

Interestingly, dynamic changes in 6 mA abundance and
specific enrichment of 6 mA suggest a link between 6 mA
modification and specific biological processes, such as gene
expression, nucleosome localization, stress, development of
embryogenesis, and human diseases. 6 mA may promote the
expression of modified genes; however, in some eukaryotes, the
overall transcription level may remain stable due to an
independent regulatory mechanism. The same period and
opposite phases between 6 mA and nucleosome suggest that
the interaction of 6 mA and nucleosome may play an important
role in epigenetic processes. In starved T. thermophila, the
amplitude (peak-to-trough distance) of nucleosome
distribution was increased, whereas the amplitude of 6 mA
distribution was decreased. This was probably because DNA
replication and transcription perturbed nucleosomes, which
demonstrated that 6 mA played an important role in
eukaryotic metabolic processes and cellular pathways.
However, because of technical limitations and possible
bacterial contamination, these results need to be treated with
caution. In addition, in response to stress and pathological
factors resulting in human diseases, the factors regulating
6 mA level and related pathways should be the focus of
future research. For humans, we can explore more potential
roles of 6 mA, such as being a marker for the development of
certain diseases, a target for certain tumors, or a prognosis for
certain diseases.

The path of science is fraught with controversy. Owing to the
low density and bacterial contamination of 6 mA in eukaryotes,
the function of 6 mA eukaryotes has not been accepted until
recently. Debates are continuing regarding the presence of 6 mA
modification of DNA in eukaryotes. In eukaryotes, the study of
6 mA has just entered the initial stage. As further
experimentation and profound discussion are being
conducted in this emerging field, the full picture of 6 mA in
mammals will be uncovered.
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