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SUMMARY

DNA AB-methyldeoxyadenosine (6mA) modification was first discovered in Bacterium coliin

the 1950s. Over the next several decades, 6mA was recognized as a critical DNA modification

in the genomes of prokaryotes and protists. While important in prokaryotes, less is known about
the presence and functional roles of DNA 6mA in eukaryotes, particularly in mammals. Taking
advantage of recent technology advances that made 6mA detection and sequencing possible,
studies over the past several years have brought new insights into 6mA biology in mammals. In
this perspective, we present recent progress, discuss challenges, and pose four questions for future
research regarding mammalian DNA 6mA.

A BRIEF HISTORY OF MAMMALIAN 6mA OR LACK THEREOF

5-Methyldeoxycytidine (5mC) has dominated studies of covalent DNA modification for
several decades.! It is the most abundant DNA modification (~3%-8% of all cytosine)

in the genomes of most high eukaryotes.1-2 Robust sequencing methods such as bisulfite
sequencing allow site-specific and genome-wide detection of 5mC.3-6 In prokaryotes, it is
a different story altogether. AB-methyldeoxyadenosine (6mA), first discovered in Bacterium
colias early as 1955, is the most abundant DNA modification in most bacterial genomes,
while 5mC is much less abundant or undetectable in many bacterial species.”~9 6mA

plays important roles ranging from protecting bacterial genome against restriction enzymes
to regulating DNA mismatch repair, chromosome replication, and transcription.10-13 The
interests of 6mA extended to other species with studies showing its presence in fungi,
protists, plants, invertebrates, and non-mammalian vertebrates, with varied abundances.13
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Interests in DNA 6mA in eukaryotes re-emerged in 2015 and 2016, with several groups
showing the presence and potential regulatory roles in different eukaryotic species.14-19
Subsequent studies have shown roles of 6mA in the genomes of eukaryotic species,
including fungi, Chlamydomonas (green algae), Tetrahymena, and Drosophila 14-16.20-23
However, its presence and functional roles in high eukaryotes including mammals have
been challenged because of (1) the bacterial contamination concerns, (2) the potential
misincorporation of ribo- AY-methyladenosine (mBA), and (3) the lack of truly accurate
sequencing approaches to reveal the presence and exact genomic locations of 6mA.2:3:24-26
The low abundance, prevalent contamination from bacterial DNA, and ambiguous function
have made the presence of 6mA in invertebrates and vertebrates a big question mark.

Ever since the report of 6mA detection in human tissues using HPLC-MS/MS,2” methods
to map DNA 6mA in different eukaryotic organisms, in particular mammals, have been
developed and reported.2:17:18.24.26-45 Djfferent reports using different methods have led to
conflicting conclusions, with the most recent report observing a significantly lower 6mA
abundance in many eukaryotic samples than those reported previously and called for the
reassessment of 6mA across eukaryotes, especially mammals.2 In this perspective, we
provide an overview of these previous studies, focusing on the presence and functional
roles of DNA 6mA in mammalian systems, highlight four “enigmas” that will need to be
addressed, and also provide our views on future research directions.

ENIGMA #1: TRULY EXIST OR ARTIFACTS?

Is 6mA truly present in mammalian genomes? Excluding probable artifacts, are there

true 6mA sites in the genome accumulating to reasonable levels? The answers to

these questions largely depend on the methods for detection. So far, LC-MS/ MS and

dot blot have been used for identifying mammalian 6mA levels, while 6mA DIP-seq,
ChIP-exo/6mACE-seq, single-molecule real-time (SMRT)/nanopore sequencing, and 6mA-
RE-seq/DA-6mA-seq have been developed for whole-genome profiling of 6mA (Table
1).17.26,27,30-35,38,40,42,4345-47 These methods, while useful in different applications, all
have limitations.

Dot blot is not quantitative and can be affected by the prokaryotic DNA contamination

in samples and the specificity of the antibodies used when detecting mammalian 6mA.
This method is not recommended for future quantification of 6mA or other DNA or RNA
modifications in general. Note that a previous report showed that antibodies were able

to detect 6mA as low as 0.003% of 6mA/A ratio but unmodified adenine also showed
signals.25 We do not recommend quantifying 6mA below ~0.01% of 6mA/A using dot
blot. We also suggest verifying the specificity and sensitivity of the selected antibody
before applying them for 6mA detection. It is well known that different antibodies from
different companies or different clones of antibodies from the same company exhibit
varied properties. For example, antibodies from synaptic systems may exhibit higher
sensitivity, while the monoclonal antibody from Abcam (cat. no. 151230) tends to be more
selective.18:33 |n addition, the isotype-matched control IgG should be used side by side when
applying the selected antibody for immunoprecipitation-based studies.
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LC-MS/MS, especially UHPLC-QQQ-MS/MS, is capable to quantify modified DNA or
RNA bases with high specificity and sensitivity, reporting the exact mass and reaching
the detection limit of around 1 ppm (parts per million). It has been utilized for detecting
the presence and abundance of 6mA in various human, mouse, rat, and pig tissues or cell
lines in numerous studies, with the results varying from less than 1 ppm to thousands of
ppm.2:18.27.28.30.45 The main limitation of LC-MS/MS is the fact that it measures the sum
of 6mA regardless of the source. It is now clear that many of the previous studies were
conducted on samples contaminated by prokaryotic-origin 6mA from either mycoplasma
contamination, plasmid transfection, or in some cases 6mA contamination from bacterial
systems used to prepare reagents for DNA digestion.2-2% Proper controls are required to
ensure the elimination of possibilities for contamination when measuring the absolute level
of DNA 6mA in the genomes of mammals as well as other high eukaryotes.

Despite the limitation, we and others have applied LC-MS/MS to various samples and
have attempted to eliminate all possible contaminations. In many mammalian cells and
tissues, we have observed 6mA levels close to the background, suggesting extremely low
levels of 6mA in genomic DNA.26:40.48 However, in mouse testis and glioblastoma cells,
we and others consistently observed DNA 6mA with measurable abundances higher than 1
ppm, suggesting the presence of noticeable levels of DNA 6mA in the genomes of these
cells.17:18.4548 |n addition, after careful purification of mitochondrial DNA (mtDNA), we
observed that the level of 6mA in mtDNA is at least 1,300-fold higher than that from gDNA,
indicating the presence of relatively abundant 6mA modification in mtDNA.4% Another
study made similar observations.33 We thus suspect mtDNA 6mA contributes to baseline
level DNA 6mA for many cells and tissues examined using LC-MS/MS; however, certain
tissue or cell lines do contain elevated gDNA 6mA.

While LC-MS/MS cannot trace the origin of 6mA, sequencing-based approaches, if
accurate, offer perhaps the best options to measure the presence and relative abundance

of 6mA in the whole genome and at specific loci. The antibody-dependent methods such
as 6mA DIP-seq and ChlP-exo (6mACE-seq), including the dot blot, have been challenged
for antibody non-specificity, particularly when applied to study low abundant 6mA.2%49 In
one experiment, ~137,557 antibody-enriched regions, most of which were located at short
tandem repeats, were detected by DIP-seq in mouse embryonic stem cells (MESCs) when
using just a non-specific mouse 1gG antibody.4 This number already exceeds the 6mA
frequency estimated by LC-MS/MS in most mammalian gDNA, 2 suggesting a source of
non-specific immunoprecipitation using some of the anti-6mA antibodies. Another study
also suggested the potential RNA m8A origin of some of the 6mA peaks detected using
DIP-seq.2> Clearly, much more accurate methods with high specificity and sensitivity are
required to clearly dissect the presence and distribution of 6mA in mammalian genomes.

Third-generation sequencing (TGS), including PacBio SMRT sequencing, and nanopore
sequencing, are other technologies used for mapping 6mA, especially in bacterial genomes,
with the distinct advantage of single-base resolution and high sensitivity.17:26:31,32,42,50
However, since the level of 6mA in mammalian genomes is much lower than that in
bacterial genomes, the accuracy of TGS methods is usually non-ideal when working on
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mammalian 6mA.25:31 The low abundance and indirect readout pose challenges when
applying TGS for 6mA detection.25:26

ENIGMA #2: GENOMIC LOCATIONS?

UHPLC-QQQ-MS/MS has revealed the presence of 6mA in not only mammalian mtDNA
but also genomes of mouse trophoblast stem cells and glioblastoma cells.38:4548 These
observations hint at the potential regulatory roles of 6mA. If 6mA does exist in the genomes
of certain mammalian cells, is it randomly distributed or enriched to specific motifs at
distinct loci? A few studies, although supporting the presence of 6mA in mammalian
genomes, argued against 6mA acting as a functional DNA mark in mammalian cells, but
rather non-directed, random incorporation.324 In one of the published studies ribo-m8A was
fed to cells and was shown to convert to 6mATP and incorporated into DNA.24 Despite this
possibility several reports have suggested consistent genomic features for the distribution of
mammalian 6mA (Table 1), arguing against the random incorporation model. Taking mESCs
as an example, 6mA was shown to exist at intergenic regions and LINE-1 retrotransposon
elements in multiple studies using independent methods.17:34:38 Similar genomic distribution
patterns of 6mA were also suggested in mouse cortex and human lymphoblastoid cells
(hLCLs), human hepatocellular carcinoma (HCC), and HEK293T cell line,30:31.33:42 despite
very low total gDNA 6mA levels observed in some of these systems. One study directly
compared 6mA profiles based on published SMRT-seq datasets and found that 6mA signals
do occur consistently at the same genomic location within a given human cell type.*6
Although reports are claiming that no reliable 6mA motif was identified,26 we noticed that
other studies did report the same consensus motif of AG(G).31:32:34:42:43.46

Sequencing methods that give base-resolution information with modification level at each
site are required to confirm the presence of 6mA in mammalian gDNA. Progress has already
been made. We have recently introduced DR-6mA-seq,*8 and uncovered the presence

and genome-wide distribution of 6mA in the genomes of specific mouse tissues and a
transformed mouse glioblastoma model cell line. Most genomic 6mA sites appear to localize
at non-coding regions. The genetic features of 6mA also appear to differ among different

cell types.

In HepG2 mtDNA, 159 high-confidence 6mA sites were detected by DR-6mA-seq and
overlapped very well with the 29 6mA sites previously detected by ChIP-exo, confirming
the presence of 6mA in the mammalian mitochondrial genome.#948 Using an SMRT-based
method, 6mASCOPE, the presence of 6mA was also detected but at a lower level (29
ppm) in HEK293T mtDNA.28 We cannot exclude random exclusion of 6mATP derived
from ribo-m®A into mammalian gDNA; however, reasonable levels of 6mA could be
detected in certain mouse tissues and glioblastoma model cells using MS. Our recent
base-resolution sequencing also uncovered an accumulation of 6mA to certain motifs and
specific genomic locations. In fact, we have validated at least two 6mA sites accumulating
over 50% fraction in mouse glioblastoma cells when applying amplicon sequencing to
measure the modification stoichiometry.8 We have also confirmed this observation using an
orthogonal method of silver-ion-mediated base-paring affinity assay, which could detect
6MA at specific sites even at low modification fraction (<20%).5152 Although gDNA

Mol Cell. Author manuscript; available in PMC 2024 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng and He Page 5

6mA is scarce and likely non-existing in most mammalian tissues and cells, these recent
observations did suggest the presence and accumulation of 6mA in specific genomic loci in
certain mammalian genomes.

ENIGMA #3: AN ENZYMATICALLY REGULATED MODIFICATION IN
MAMMALS?

Although non-enzymatic covalent modifications (NECMs) on DNA have been shown

to potentially affect gene expression regulation,3 an enzymatically regulated DNA
modification would add new pathways to the network of gene expression regulation.

The conserved motif and high stoichiometry of 6mA at specific sites revealed by
sequencing in certain mammalian genomes may suggest enzymatic installation through
methyltransferase(s). The identity of the methyltransferase requires further research. The
presence of demethylases that mediate the demethylation of DNA 6mA, as has been known
for RNA m6A 54-56 as well as the potential 6mA-binding proteins that bind preferentially
to 6mA-modified DNA and mediate downstream regulation also require further research.
Considering the low modification level and the fact that no homolog of the bacterial 6mA
methyltransferase (Dam) has been found in mammals, it has been challenging to determine
6mA effector proteins in mammals.>” Many of the 6mA effector proteins proposed in the
past several years either lack experimental evidence or are inconsistent in different studies
(Figure 1).58.59

METTL4, a homolog of DAMT-1, and ALKBHZ1, a homolog of the AIkB family
demethylase, are the only two promising 6mA effector proteins identified in mammals

so far.58 The methyltransferase activity of METTL4 on 6mA has been validated both i
vitro and inside cells in human mtDNA and mouse gDNA and has been shown to impact
mitochondrial replication, transcription, mitochondrial activities, and adipogenesis*%-6: its
homolog DAMT-1 has been suggested as a 6mA methyltransferase in C. elegans and
mediates the crosstalk between methylations of histone H3K4 and adenines, whereas
NMAD-1, the homolog of a putative mammalian 6mA demethylase /n vitro, was also
reported to demethylate 6mA in C. elegans and regulate DNA replication and repair.1:61

ALKBH1 was reported to erase 6mA both /n vitroand in mESCs, patient-derived human
glioblastoma models, human mesenchymal stem cells, and human cancer cell lines.17:32:41.45
It has also been proposed as a 6mA demethylase in human mtDNA, affecting oxidative
phosphorylation.33 A recent complex structural study has demonstrated its distinct substrate
recognition mode toward 6mA sites on bulged DNA.52 However, ALKBH1 also mediates
tRNA oxidation and demethylation in mammalian cytosol and mitochondria, and it only
catalyzes 6mA demethylation in sSDNA but not dsDNA, raising concerns about whether its
biological effects mostly arise from tRNA oxidation or DNA 6mA demethylation.62-65

Other proteins potentially involved in mammalian 6mA deposition, recognition, and removal
so far lack supporting experimental evidence. N6AMT1, or AB-adenine-specific DNA
methyltransferase, was reported to regulate 6mA in multiple mammalian cells but has

been challenged for the lack of methyltransferase activity even /n vitro.32:3536.66 A| KBH4
displayed demethylation activity on dsDNA /in vitro,3* but the activity is very weak and
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requires further /n vitro and cell-based supports. Two potential mammalian 6mA binding
proteins were also reported. SSBP1, a housekeeping protein involved in mitochondrial
biogenesis, was shown to bind at 6mA-modified regions of human mtDNA.32 However,
SSBP1 is an ssDNA-binding protein and 6mA peaks show overlap with sSDNA regions.
Direct evidence from biochemical binding assays and functional studies is required to
verify SSBP1 as a 6mA-binding protein.38:67 Another candidate binding protein, SATB1,
is a DNA-binding protein antagonized by DNA 6mA.38 In a different indirect reading
mechanism, the presence of 6mA makes dsDNA stiff, which affects DNA bending when
bound by certain DNA-binding proteins (TFAM, etc.) to impact downstream regulation.40
Similarly, DNA 6mA antagonizes the binding of SATBL1 to SIDD sequences and regulates
chromatin structure during early development, although the mechanism of how 6mA
actively repels the binding of SATB1 remains to be determined.®® It should be noted

that RNA m6A methyltransferases and demethylases, including the METTL3-14 complex,
PCIF1, FTO, and ALKBHS5, were reported to exert enzymic activity 7n vitroon DNA dA
or 6mA, preferentially on ssDNA, although the biological significance /n vivo remains to be
elucidated.3455.68-70

In summary, testing the robust biochemical activities on dsDNA or ssDNA is the first
requirement to assign the potential methylases or demethylases for DNA 6mA. However, the
biochemical evidence is insufficient to confirm an enzyme as a true 6mA effector protein,
considering the enzyme could be forced to act on the substrates /n vitro without having real
biological functions on them /n vivo. It is possible that 6mA is deposited and removed when
dsDNA is melted to sSDNA during replication or other processes. This may explain the low
levels of 6mA in gDNA in general. A 6mA-binding protein will need to bind preferentially
to the 6mA-modified dsDNA, either through direct recognition of 6mA or through indirect
mechanisms such as changing the physical properties of the modified regions of gDNA.
Now, with several 6mA sites defined in specific mammalian cells, the community can study
these questions regarding these sites. Eventually, the effector proteins are the ones that lead
to functional outcomes if 6mA is functionally relevant in mammals. It is also possible that
these effector proteins may have other cellular functions and are “hijacked” to install, read,
or erase 6mA during specific biological processes.

ENIGMA #4: FUNCTIONAL RELEVANCE?

Is mammalian 6mA too scarce to be functionally relevant in mammals? Functional relevance
is intimately linked to genomic location and effector proteins of 6mA. Two criteria will

need to be met to assign true functions of 6mA: (1) the function needs to be related to
specific 6mA sites on DNA,; (2) the function needs to depend on effector proteins that either
deposit, recognize, or potentially erase specific 6mA on DNA. Diverse functions have been
proposed for mammalian DNA 6mA in recent years (Figure 1).17:30.34.35.38.41,4571 ey of
these studies met these criteria.

6mA is abundant in mammalian mtDNA. METTLA is one enzyme that could install mtDNA
6mA. The knockdown of METTLA4 has led to reduced mtDNA 6mA levels, upregulated
transcription, increased mitochondrial copy number, and elevated mitochondrial respiration
activity.*0 However, METTL4 also has nuclear roles, and one cannot completely exclude
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the possibility that these mitochondrial effects are actually a consequence of the nuclear
function of METTL4.72 Similarly, ALKBH1, a potential 6mA demethylase, mediates tRNA
oxidation in both cytosol and mitochondria.f3:64 Its functional impact through either DNA
6mA demethylation or tRNA oxidation needs to be clearly defined.

To satisfy the two criteria, we need to develop and apply quantitative methods that detect
6mA sites. Targeted DNA demethylation systems using dCas9 fused with the catalytic
domains of 6mA demethylase will also need to be developed and used to manipulate discrete
6mA sites at specific DNA loci to demonstrate the direct functional effects. A dioxygenase
from fungus, CcTet, has recently been shown to mediate preferential 6mA oxidation and
demethylation over 5mC in dsDNA.”3 This demethylase, if fused with dCas9, could be
very useful in reversing 6mA to A at specific sites to investigate subsequent functional
consequences. In principle, dCas9-fused methyltransferase could be useful as well. We
currently do not know any mammalian dsDNA 6mA methyltransferase, although METTL4
can mediate 6mA methylation of ssSDNA.3440 dsDNA 6mA methyltransferases from low
eukaryotes could be employed for functional interrogations. The glioblastoma model cell
line reported recently, with discrete 6mA sites possessing high modification fraction, offers
an exemplary system for such studies.#>48

Aside from mtDNA, the chance for gDNA 6mA to be functional in most mammalian
adult tissues is very low, because of the exceedingly low levels of gDNA 6mA. It is

more likely that 6mA on mammalian gDNA functions in certain biological processes such
as tumorigenesis and early development. Particularly, accumulating pieces of evidence
have suggested functional roles of 6mA during early development, with at least one
potential 6mA binding protein identified.17:18:38 With the base-resolution sequencing
method available, the functional impacts of these 6mA sites can be more thoroughly
investigated.

CONCLUDING REMARKS

After an initial rush of eukaryotic DNA 6mA research, the community has come back to

a more realistic picture. This DNA modification may play notable roles in gene expression
regulation in low eukaryotic species, but its role in high eukaryotes, in particular mammals,
is limited. Mammalian mtDNA is frequently modified with 6mA but not 5mC, presenting an
intriguing system for more thorough mechanistic interrogations. The 6mA-modified dsSDNA
is more resistant to bending and could have functional consequences during mitochondrial
transcription and replication. The levels of 6mA on mammalian genomic DNA are low
across most tissues and cell types. However, during early development and in certain cancer
cells, 6BmA appears to accumulate at specific sites or loci, suggesting functional relevance.

Moving forward, the four questions we list are also opportunities for the community to
clearly define DNA 6mA function in mammals. We will need to (1) detect the presence
of 6mA on gDNA,; (2) apply reliable methods to map the exact locations of 6mA. Some
of these sites will need to accumulate to reasonable modification stoichiometry to be
functionally relevant; (3) effector proteins such as methylases, demethylases, or binding
proteins will need to be identified and perturbed for functional characterizations; (4)
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CRISPR-based systems to reverse 6mA at specific sites will need to be established to assign
direct function. Functional characterizations should focus on biological processes in which
6mA accumulates to measurable levels in gDNA, such as during early development and
tumorigenesis, and we may view 6mA as a DNA mark that plays primarily localized roles at
specific gDNA loci and in mtDNA.
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Figure 1. Proposed functions and effector proteinsfor 6mA on mammalian genomic DNA and
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The downward and upward arrows refer to the repression or upregulation of transcription,
respectively. The question marks refer to the putative 6mA methylases, demethylases, and
binding proteins but with conflicting data or a lack of strong evidence.
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