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DNA N°-methyladenine: a new
epigenetic mark in eukaryotes?

Guan-Zheng Luo, Mario Andres Blanco, Eric Lieberman Greer, Chuan He

and Yang Shi

Abstract | DNA N¢-adenine methylation (N®-methyladenine; 6mA) in prokaryotes
functions primarily in the host defence system. The prevalence and significance of
this modification in eukaryotes had been unclear until recently. Here, we discuss
recent publications documenting the presence of 6mA in Chlamydomonas
reinhardtii, Drosophila melanogaster and Caenorhabditis elegans; consider possible
roles for this DNA modification in regulating transcription, the activity of
transposable elements and transgenerational epigenetic inheritance; and propose
6mA as a new epigenetic mark in eukaryotes.

DNA methylation is a fundamental epigenetic
process. The most common DNA modi-
fication in eukaryotes is 5-methylcytosine
(5mC)". By contrast, N°-methyladenine
(6mA)?* is the most prevalent DNA modifica-
tion in prokaryotes’. Early reports debated
the existence and abundance of 6mA in
eukaryotes"*. Some unicellular eukaryotes,
such as ciliates and green algae, contain both
6mA and 5mC in their genomes, but the
biological significance of these modifications
in these organisms had remained largely
uncharacterized until recently®.

DNA methylation studies in mammals
and plants have focused on 5mC because of
its widespread distribution®. 5mC has been
shown to participate in genomic imprinting,
X-chromosome inactivation, transposon
suppression, gene regulation and epigenetic
memory maintenance’”. By contrast,
prokaryotes use 6mA as the main DNA
modification to discriminate the host
DNA from foreign pathogenic DNA and to
protect the host genome via the restriction-
modification system. In this system, the host
DNA is modified by methyltransferases at
restriction sites, conferring the host genome
with resistance to digestion. Unmethylated
foreign DNA is recognized and cleaved
by restriction enzymes'. In addition to its
crucial role in the restriction-modification
system, 6mA also participates in bacterial
DNA replication and repair, transposition,

nucleoid segregation and gene regulation'""2.
Certain bacterial 6mA methyltransferases,
such as DNA adenine methylase (Dam)"
and cell cycle-regulated methylase (CcrM),
do not have restriction enzyme counterparts
and have been shown to have important
roles in multiple cellular processes'. So far,
the restriction-modification system has not
been found in eukaryotes.

In this Progress article, we discuss the
recent discoveries of 6mA in the multi-
cellular eukaryotes Caenorhabditis elegans
and Drosophila melanogaster'™'¢, and in
the unicellular algae Chlamydomonas
reinhardtii, in which a detailed analysis
of 6mA distribution was also reported"”.

We describe the presence of 6mA and meth-
ods for detecting it, and discuss the enzymes
that are responsible for regulating 6mA and
the potential functional roles for 6mA as an
epigenetic modification in eukaryotes.

The presence of 6mA

Most eukaryotic 6mA research has focused
on unicellular protists, including the ciliates
Tetrahymena pyriformis'® and Paramecium
aurelia®, and the green algae C. reinhardtii®.
6mA accounts for ~0.4-0.8% of the total
adenines in these genomes'”***!, which is
several times lower than the prevalence of
5mC in mammals and plants®. Interestingly,
there have also been sporadic reports
suggesting the presence of 6mA in more

recently evolved organisms, including mos-
quitoes?, plants*** and even mammals**?’.
Recently, 6mA was detected by multiple
approaches in the genomic DNA of two
metazoans, C. elegans (0.01-0.4%)"° and

D. melanogaster (0.001-0.07%)'°.

Detection of 6mA. In order to monitor

the presence and dynamics of 6mA in
eukaryotic genomes, sensitive techniques are
required (FIC. 1). An antibody against 6mA
can detect 6mA in eukaryotic mRNAs*,
and this was used to detect and enrich for
6mA in DNA'""". The 6mA antibody can be
used to detect methylated DNA by dot blot-
ting and to immunoprecipitate methylated
DNA for sequencing. Antibody detection,
however, is not quantitative and may be
confounded by recognition of other adenine
base modifications (such as ImA or 6mA in
RNA). Liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS)
provides the most unambiguous detection
and quantification of modified nucleotides®.
However, although the high sensitivity of
this approach allows for detection of many
low-abundance nucleotide modifications,
both antibody detection and LC-MS/MS
results could be affected by bacterial
contamination and therefore need to be
cautiously evaluated.

Certain restriction enzymes are sensitive
to nucleotide methylation and can be used to
distinguish between methylated and unmeth-
ylated nucleotides in the context of their
recognition sequences™ (FIC. 1). For instance,
Dpnl digests 5'-G6mATC-3’ sites, whereas
DpnlI digests unmethylated 5'-GATC-3'
sites. Restriction enzyme digestion-based
methods can thus sensitively and accurately
determine the presence of 6mA at single-
base resolution; however, these enzymes
can detect 6mA only in specific sequence
contexts*, which may not be recapitulated
in all organisms. Single-molecule real-
time (SMRT) sequencing offers another
option for detecting DNA modifications®.
SMRT sequencing both provides accurate
sequence reads and determines the kinetics
of nucleotide incorporations during syn-
thesis. Different DNA modifications induce
unique kinetic signatures that can be used
for accurate and sequence-specific detection
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Figure 1 | Methods to detect N®-methyladenine (6mA) in genomic
DNA. Left: an antibody against 6mA can sensitively recognize 6mA and
enrich 6mA-containing DNA for subsequent next-generation sequencing
(NGS); 6mA-sensitive restriction enzymes can specifically recognize either
methylated or unmethylated adenines in their recognition-sequence
motifs, and this can be captured by sequencing to determine the exact
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locations of 6mA. Right: liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) can differentiate methylated adenine from
unmodified adenine and quantify the 6mA/A ratio by normalization to a
standard curve; single-molecule real-time (SMRT) sequencing can detect
modified nucleotides by measuring the rate of DNA base incorporation
(dashed arrow) during sequencing.

of modifications*?*¢. SMRT sequencing has
been used to map 6mA and 5mC simul-
taneously in Escherichia coli*” and 6mA

in C. elegans®. However, SMRT sequenc-
ing cannot distinguish between 6mA and
1mA and therefore must be coupled with
LC-MS/MS in order to assess the relative
contributions of the two modifications to
the observed methylated adenine signals
obtained from SMRT sequencing. SMRT
sequencing is also still prohibitively expen-
sive, impeding its extensive application to
larger eukaryotic genomes.

For genomes with a low abundance of
DNA modifications, the sensitivity and
specificity of detection methods need to be
balanced. High sensitivity with low speci-
ficity may generate false positive results,
whereas high specificity with low sensitiv-
ity may miss weak signals. For a rare DNA
modification, cross-validation by multiple
strategies is indispensable to achieve relative
high sensitivity and high specificity.

Genomic distributions and sequence motifs.
Mapping genomic distributions can be an
effective first step for uncovering potential
functions of DNA modifications™**. In

the latest studies'*"", immunoprecipitation
of 6mA-containing DNA for subsequent
high-throughput sequencing (6mA-IP-seq)
or SMRT sequencing was used to identify
the genomic distribution patterns of 6mA
in C. elegans, D. melanogaster and C. rein-
hardtii, which were found to differ among
these organisms: 6mA is broadly and evenly
distributed across the genome of C. elegans,
whereas in D. melanogaster, 6mA is enriched

at transposable elements. By contrast, 6mA
is highly enriched around transcription start
sites (T'SSs) in the C. reinhardtii genome.
Reminiscent of the genomic distribution

of 5mC, 6mA localization patterns are thus
species-specific, probably reflecting different
functions and mechanisms of biogenesis®.
By extension, the distinctive distribution
patterns of 6mA in these three organisms
may suggest diverse functional roles.

In prokaryotes, most of the 6mA sites
are located within palindromic sequences®.
Similar 6mA sites have also been identified
in the genome of Tetrahymena thermophila®.
Nearest-neighbour analyses, assisted by
°H labelling, revealed that the methylation
in T. thermophila occurs at the sequence
5'-NAT-3’ (REF. 41), which is similar to
the 6mA motif found in C. reinhardtii".
Restriction enzyme analysis followed by
next—generation sequencing (FIG. 1) was used
to determine the methylation status of each
CATG and GATC site in C. reinhardtii.
Approximately 1/5-1/3 of the 6mAs were
estimated to be located within these two
motifs, and a majority of them (over 90%)
were methylated in almost all DNA samples
that were analysed. Others most probably
occur at 5'-NATN-3’ sequences, which
were also predicted to be 6mA motifs by a
photo-crosslinking-based profiling method
(6mA-CLIP-exo) that provides higher
resolution information than does standard
immunoprecipitation-based profiling".

Surprisingly, the sequence motifs identi-
fied in C. elegans are completely different
from those in unicellular eukaryotes and
bacteria. Using SMRT sequencing, two

motifs, AGAA and GAGG, were identified".
Sites with high abundance of 6mA are most
strongly associated with GAGG, whereas
lower-abundance 6mA sites are most
strongly associated with AGAA. However,
these motifs represent only a fraction (~10%)
of the total methylated adenines, suggest-
ing that additional factors beyond DNA
sequence determine whether adenines are
methylated in C. elegans. In D. melanogaster,
conserved sequence motifs containing 6mA
are yet to be reported'. The different 6mA
motifs found in C. elegans and C. reinhardtii
suggest potential diverse biological functions
in distant organisms.

Methyltransferases and demethylases
6mA is the most abundant internal modifica-
tion in mRNAs and is widely conserved in
eukaryotes. Methylation of mRNA is cata-
lysed by a methyltransferase complex and
reversed by demethylases**. The enzymes
that are responsible for DNA 6mA in eukary-
otes were previously unknown. Computation-
based sequence analysis of several eukaryotic
organisms (FIC. 2a) predicted the existence of
potential 6mA methyltransferases similar to
the bacterial DNA adenine methyltransferases
Dam and m.MunI*. However, other DNA
and RNA methyltransferase and demethylase
proteins could also have evolved to catalyse
DNA 6mA in eukaryotic species®.

6mA methyltransferases. Members of the
DNA methyltransferase (DNMT) family
function as 5mC methyltransferases in
animals”. Although widely conserved,
these proteins have been lost in certain
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species, including in C. elegans and D. mela-
nogaster (FIC. 2a). A family of enzymes con-
taining an MT-A70 domain has evolved from
the m.Munl-like 6mA methyltransferase

of bacteria*. This family includes yeast and
mammalian mRNA methyltransferases
(inducer of meiosis 4 (Ime4) and karyo-
gamy 4 (Kar4) in yeast; methyltransferase-
like protein 3 (METTL3) and METTL14

in humans)*44¢, In humans, the MT-A70
domain is the S-adenosylmethionine (SAM)
binding subunit that catalyses mRNA 6mA*.
C. elegans encodes a member of this family,
DAMT-1. Overexpression of DAMT-1 in
insect cells led to elevated 6mA in genomic
DNA, whereas the expression of DAMT-1
with a mutated catalytic domain did not
affect 6mA levels. In C. elegans, knockdown
of damt-1 decreased 6mA levels in genomic
DNAP. These data suggest that DAMT-1

is probably a 6mA methyltransferase in

C. elegans (FIG. 2b; TABLE 1), although direct
biochemical evidence is still needed to con-
firm this possibility. In humans, METTL3 and
METTL14 have weak methylation activity on
DNA*. Another mammalian MTA70-type
protein, METTL4, is the closest predicted
orthologue of DAMT-1 in humans; however,
its function has not been tested. The high
level of evolutionary conservation and the
broad distribution of the MTA70 family pro-
teins raises the possibility that 6mA might
be present in other eukaryotes, including
mammals.

6mA demethylases. Proteins of the AIkB
family catalyse the demethylation of various
methylated DNA and RNA nucleotides®.
For instance, homologues of the AIkB family
members a-ketoglutarate-dependent dioxy-
genase FTO and RNA demethylase ALKBH5
have been shown to demethylate mRNA
6mA in eukaryotes***. C. elegans encodes
five AlkB family members. Deletion of one
member, nmad-1, caused elevated DNA
6mA levels in vivo, and purified NMAD-1
catalyses N°-deoxyadenine demethylation
in vitro' (FIC. 2b; TABLE 1). Together, these
results demonstrated that NMAD-1 is a
6mA demethylase in C. elegans.

D. melanogaster nuclear extracts
have DNA 6mA-demethylation activity.
Interestingly, these nuclear extracts have the
highest 6mA-demethylation activity when
extracted at the time point at which 6mA
levels are the lowest'®. The homologue of the
5mC demethylase Tet™ (renamed Dmad),
when added to nuclear extracts, increased the
6mA-demethylating activity'®. In vitro assays
showed that the nuclear extract from dmad
mutants lost demethylation activity, and the
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Figure 2 | DNA methyltransferases and demethylases. a|Three families of methyltransferases and
two families of DNA demethylases in ten different model organisms are shown in a simplified phylo-
genetic tree. Colour codes represent the reported presence of N®-methyladenine (6mA) and/or
5-methylcytosine (5mC) in the corresponding organism (not the activity of the enzymes mentioned).
The MTA70 family proteins are widely conserved in eukaryotes but are missing in Escherichia coli.
They function as the RNA methyltransferases in plants and animals but appear to serve as the DNA
6mA methyltransferase in Caenorhabditis elegans. The Tet family proteins are DNA cytosine demethy-
lases but have been proposed to demethylate adenines in Drosophila melanogaster. The AlkB family
proteins are conserved in all of the organisms shown and are potential DNA 6mA demethylases in
C. elegans. The black dot indicates that at least one member of each protein family exists in the cor-
responding organism. *The D. melanogaster genome contains a low level of 5mC (~0.03% of total
cytosines)’’. b | Two members — methyltransferase-like protein 3 (METTL3) and METTL14 — of the
MTA70 family are known to catalyse 6mA in mammalian mRNA, whereas FTO and ALKBH5, which are
members of the AlkB family, have been found to demethylate 6mA in mMRNA. DAMT-1 is an MTA70
family member that potentially mediates DNA 6mA methylation in C. elegans. An AlkB family member,
NMAD-1, was identified as a demethylase in C. elegans. In D. melanogaster, the potential 6mA
demethylase Dmad is a member of the Tet family of proteins.

addition of purified Dmad recovered the
demethylation activity. Dmad is expressed at
low levels in early embryonic stages (45 min-
utes after fertilization) but is induced at later
stages, indicating that it has a role in remov-
ing 6mA during embryogenesis'®. Genomic
DNA isolated from brains of dmad mutants
has ~100-fold higher levels of 6mA than that
from wild-type flies'. Taken together, these
data suggest that Dmad is a 6mA demethylase
in D. melanogaster (FIC. 2b). This is somewhat
surprising, as the Tet proteins are evolutionar-
ily conserved DNA cytosine demethylases
rather than adenine demethylases. The availa-
ble crystal structures of Tet catalytic domains,
unlike those of the AIkB family, revealed an
active site that might not accommodate a
purine base®*2. However, as 5mC levels in

D. melanogaster are quite low, Dmad could
have evolved as a 6mA demethylase instead
of oxidizing 5mC; further biochemical and
structural investigations will provide addi-
tional insights. Interestingly, D. melanogaster
has an orthologue of NMAD-1, CG4036, and
it will be interesting to determine whether
CG4036 mediates demethylation of 6mA, in
addition to Dmad.

Functions of 6mA

Although DNA 6mA has been well stud-
ied in prokaryotes, its eukaryotic bio-
logical functions remain elusive?’. There
is no known eukaryotic equivalent of the
bacterial restriction-modification system,
ruling out a possible role for 6mA in this
context. The addition of a methyl group at

NATURE REVIEWS ‘ MOLECULAR CELL BIOLOGY

© 2015 Macmillan Publishers Limited. All rights reserved

ADVANCE ONLINE PUBLICATION ‘ 3



PROGRESS

Table 1 | Potential N®-adenine methyltransferases and demethylases

Protein Family Catalytic domain Substrate
Dam* Dam-like SAM-dependent MTases DNA
DNMT1* DNMT SAM-dependent MTases C5-type DNA
METTL3, METTL14* MT-A70 SAM-dependent MTases RNA
DAMT-1* MT-A70 SAM-dependent MTases DNA
FTO, ALKBH5* AlkB 20G-Fell oxygenase superfamily RNA
NMAD-1* AlkB 20G-Fell oxygenase superfamily DNA
Tetl, Tet2, Tet3* Tet CD (Cys-rich insert and DSBH domain) DNA
DMAD* Tet CD (Cys-rich insert and DSBH domain) DNA

Organism Evidences Refs
E. coli Invitro and in vivo 13
H. sapiens Invitro and in vivo 47
H. sapiens In vitro and in vivo 44
C. elegans Invivo 15
H. sapiens Invitroand invivo 43,45
C. elegans Invitro and in vivo 15
H. sapiens Invitro and in vivo 50,52
D. melanogaster Invivo 16

Protein family and catalytic domain information was derived from the Pfam and Uniprot databases. C. elegans, Caenorhabditis elegans; Dam, DNA adenine methylase;
D. melanogaster, Drosophila melanogaster; DNMT, DNA methyltransferase; DSBH, double-stranded B-helix; E. coli, Escherichia coli; H. sapiens, Homo sapiens;
METTL; methyltransferase-like protein; MTases, methyltransferases; SAM, S-adenosylmethionine. *indicates methyltransferases, findicates demethylases.

the N°-position of adenine slightly reduces
base-pairing energy* and could enhance or
interfere with protein-DNA interactions™ .
Treatment of cancer cells with the nucleoside
N°-methyldeoxyadenosine induces their dif-
ferentiation”’. Transgenic incorporation of
bacterial Dam into tobacco plants induced
6mA at most GATC sites and changed the leaf
and florescence morphology?®. Collectively,
these phenotypes suggest that DNA adenine
methylation may have a role in regulating
multiple biological processes.

Transcription. Methylation of adenines could
affect transcription by modifying transcrip-
tion factor binding or altering chromatin
structure. In bacteria, 6mA has been shown
to regulate transcription®, raising the
possibility that a similar function has been
retained in eukaryotes. Interestingly, 6mA
has been shown to have the opposite effects
on transcription factor binding in mammals
and in plants. Transfected DNA that was
methylated at the N° position of adenines
decreased the DNA-binding affinity of tran-
scription factors in mammalian cells***. In
plants, the binding affinity of the zinc-finger
protein arabinogalactan protein 1 (AGP1) to
DNA can be enhanced by 6mA of the target
sequence®. Additionally, using a transient
expression system in barley, transcription
was found to increase in 6mA-modified
reporter plasmids, whereas 5mC had little
or no effect on transcription efficiency®'.

In C. reinhardtii, 6mA is enriched
around the TSSs of more than 14,000 genes,
most of which are actively transcribed, and
most of these 6mA sites are methylated in
almost every cell analysed"”. By contrast,
silent genes have lower 6mA levels around
their TSS. Therefore, it appears that 6mA
is a general mark of active genes, although
whether it plays a part in the dynamic regula-
tion of gene expression requires additional

investigation (FIC. 3a). 5mC also exists in

the genome of C. reinhardetii, but is located
at gene bodies and is correlated with tran-
scriptional repression. It is unclear what
role, if any, 6mA has during transcription

in C. elegans. Interestingly, 6mA levels were
elevated in mutants with increased levels of
histone H3 Lys 4 dimethylation (H3K4me2),
which is a mark associated with active tran-
scription'®. This suggests that 6mA may also
mark active genes in C. elegans as it does in
C. reinhardtii (FIG. 3b).

In D. melanogaster, 6mA was proposed to
promote transposon expression. 6mA-IP-seq
assays revealed enrichment of 6mA on trans-
posons, and loss of the putative demethylase
Dmad led to increased transposon expres-
sion'® (FIG. 3¢). Thus, the latest discoveries
in three evolutionarily distant organisms
suggest a correlation between 6mA and
elevated gene expression, although it remains
to be seen how general this mechanism is
and whether 6mA has evolved to have dif-
ferent functions in different species and/or
contexts. Important future experiments will
involve directing DNA methyltransferases or
demethylases to specific loci and examining
the effects on transcription of the addition
and the removal of 6mA, respectively.

Methylation and nucleosome positioning.
Previous studies in T. thermophila showed
that 6mA levels were lower in nucleosomal
DNA than in linker DNA®. Neither C. elegans
nor D. melanogaster revealed a nucleosome-
positioning bias for 6mA' . However, the

C. elegans study was performed on mixed
tissues, and specific genomic patterns might
only emerge in a more detailed tissue-specific
examination. In C. reinhardtii, conversely,
6mA was found to be preferentially located at
TSS-proximal linker DNA (FIG. 3a). This could
be explained by the methylation machinery
favouring linker DNA, potentially owing to

physical ease of access®, or by regulation of
nucleosome positioning by 6mA. Interestingly,
methylation in CG repeats in certain algae
species occurs at extreme densities, which
disfavours nucleosome assembly and thus
dictates nucleosome positioning®. Therefore,
DNA methylation could provide a general
mechanism for controlling nucleosome
positioning in unicellular eukaryotes.

6mA as an epigenetic mark. In prokaryotes,
6mA methyltransferases methylate adenine
in the context of specific sequence motifs';
however, eukaryotic 6mA does not seem to
be as strongly dependent on sequence motif
recognition. In C. reinhardtii, 6mA occurs

in multiple sequences, which are mainly
located at ApT dinucleotides, resembling
the 5mC methylation at CpG dinucleotides
in mammals". During multiple fission cell
cycles, the 6mA levels are stably maintained.
Single-base maps indicated that most of the
individual 6mA sites are faithfully conserved
under varying culture conditions, reinforcing
the speculation regarding 6mA as a herit-
able epigenetic mark". Although a 6mA
methyltransferase has yet to be character-
ized in C. reinhardtii, there is very likely to
be a mechanism by which 6mA signatures
are inherited from parent cells to daughter
cells. In C. elegans, deletion of the H3K4me2
demethylase suppressor of presenilin defect 5
(spr-5) causes a transgenerational progressive
loss of fertility®. This fertility defect coin-
cides with the progressive accumulation

of H3K4me2 and a decline in the levels of
the repressive mark H3K9me3 (REF. 65).

In spr-5-mutant worms, 6mA also increases
across generations (FIC. 3b); deletion of the
6mA demethylase nmad-1 accelerates the
progressive fertility defect of spr-5-mutant
worms, whereas deletion of the potential
6mA methyltransferase damt-1 suppresses it.
Additionally, deleting damt-1 suppressed the
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accumulation of H3K4me?2, suggesting that
6mA and H3K4me2 might be co-regulated
and reinforce each other®. Although it
remains to be determined whether 6mA or
H3K4me2 can themselves transmit epige-
netic information across generations, these
modifications accumulate when epigenetic
information is improperly inherited. These
discoveries raise the possibility that 6mA
may function as an epigenetic mark that
carries heritable epigenetic information

in eukaryotes.

Summary and perspective

Both 5mC and 6mA were discovered in
eukaryotic genomes decades ago"'®. Most
research has focused on characterizing 5mC,
owing to its abundance in mammals and
plants. Multiple functions of 5mC have been
revealed, whereas studies of 6mA have been
very limited in eukaryotes. It is well known
that 5mC can be spontaneously deaminated,
which results in a C-to-T mutation®; thus,
organisms possessing 5mC tend to lose CpG
dinucleotides owing to deamination of the
methylated cytosines’. Conversely, 6mA does
not tend towards spontaneous mutations,
which obviously could be advantageous for
genomic stability.

Adenine methylation in eukaryotic
mRNA was recently shown to have pro-
found effects on gene expression*. The
potential roles of 6mA DNA in shaping
gene expression remain largely unknown.
The methyl group of RNA 6mA can desta-
bilize the Watson-Crick base-pairing by
~1.0 kcal/-mol®7%8, and this was shown to
induce an ‘m°A-switch’ mechanism that
alters RNA structure and thus binding by
proteins®. The same property in DNA could
affect transcription, replication and other
processes that require strand separation or
DNA bending. Furthermore, the methyl
group may facilitate or inhibit recognition
and binding by DNA-binding proteins to reg-
ulate gene expression. In mammalian cells,
FTO-catalysed demethylation of RNA 6mA
generates two newly discovered intermedi-
ates, N°-hydroxymethyladenosine (6hmA
or hm°A) and N°-formyladenosine (6fA or
f¢A), in non-coding RNA and in mRNA™.
As 6hmA and 6fA are stable modifica-
tions, it is possible that they are not merely
intermediates but have regulatory func-
tions. It remains to be seen whether similar
modifications are produced during oxidative
demethylation reactions of DNA 6mA and,
if they exist, whether they have any biologi-
cal role. Such modifications could further
destabilize the DNA duplex or produce new
protein-binding sites.
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Figure 3 | N®-methyladenine (6mA) genomic distribution and function. a|Single-base-resolution
maps of 6mA in Chlamydomonas reinhardtii reveal a periodic distribution pattern, with depletion at
active transcription start sites (TSSs) and enrichment around them. The nucleosomes are mutually
exclusive with 6mA ssites, which are found in the linker regions. The phasing level of nucleosomes varies
from highly phased near the TSS to randomly positioned ~1 kb from the TSS, where the 6mA-
methylation level also drops. b | In Caenorhabditis elegans suppressor of presenilin defect 5 (spr-5)
mutants, 6mA and histone H3 Lys 4 dimethylation (H3K4me?2) levels increase progressively from genera-
tion to generation, in conjunction with a decline in H3K9me3 levels and fertility. c | DNA 6mA is corre-
lated with increased transposon expression in Drosophila melanogaster. Loss of the demethylase Dmad
leads to elevated 6mA levels and increased expression of transposons. Pol I, RNA polymerase I.

It is interesting to note that C. elegans and
D. melanogaster possess little or no 5mC in
their genomic DNA, similar to some other
6mA-containing organisms such as P. aure-
lia® and T. thermophila®. C. reinhardtii,
however, contains both 6mA and 5mC in its
genome, but the relatively overall low level
of 5mC combined with its unusual enrich-
ment at exons suggests different functions
for 5mC in this organism compared to more
recently evolved plants and animals, in which
it is mostly a mark of gene silencing®. It is
possible that the relative change in 6mA and
5mC abundance and function could have
had diverse evolutionary consequences. 6mA
could be a major DNA-methylation mecha-
nism that affects gene expression in certain
eukaryotes, as revealed by recent studies'"".
In other systems, it may have a complemen-
tary role to that of the functionally more
dominant 5mC DNA methylation. The
presence of 6mA-methyltransferase homo-
logues in distinct species raises the possibil-
ity that 6mA may be present in many more
organisms, including mammals. Whether
the relative biological importance of 6mA
has declined in conjunction with its lower
abundance in the more recently evolved
organisms remains to be seen. We speculate
that 6mA could have evolved a more spe-
cialized function in these species. With the
advent of new, sensitive detection techniques,

we are now poised to probe in detail the
function and precise genomic distribution
of this DNA modification throughout the
tree of life.
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