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ABSTRACT
Ten-eleven Translocation (TET) proteins have emerged as a family of epigenetic regulators that are
important during development and have been implicated in various types of cancers. TET is
a highly conserved protein that has orthologues in almost all multicellular organisms. Here, we
review recent literature on the novel substrate specificity of this family of DNA 5-methylcytosine
demethylases on DNA 6-methyladenine and RNA 5-methylcytosine that were first identified in the
invertebrate model Drosophila. We focus on the biological role of these novel epigenetic marks in
the fruit fly and mammals and highlight TET proteins’ critical function during development
specifically in brain development.
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Introduction

Epigenetic processes are critical during develop-
ment and are required to maintain a balanced
state of gene expression in a tissue- and cell-
specific manner. Alterations in the epigenetic
landscape is one main feature of tumorigenesis
and is categorized as a hallmark of cancer [1].

DNA methylation is among the most widely
studied and well-understood epigenetic modifica-
tions, especially methylation of cytosine on carbon
5 (5-methylcytosine). Interestingly, methylation of
adenine on carbon 6 (6-methyladenine) on DNA
was previously thought to be found in prokaryotes
only, but recent studies point towards its presence
in a variety of eukaryotic systems [2–4]. Notably,
RNA modifications have been known to be more
prevalent and diverse than DNA modifications for
several decades [5], but their functional roles in
transcription and translation have only recently
emerged with the advent of transcriptome-wide
analysis using NGS techniques [6]. While the pre-
sence of 5-methylcytosine (5mC) in eukaryotic
RNA molecules has been reported years ago
[7,8], the discovery of 5-hydroxymethylcytosine
on mRNA (5hmrC), a product of the active

demethylation of 5-methylcytosine on mRNA
(5mrC), as an independent epigenetic mark
occurred only recently [9]. Drosophila melanoga-
ster has served as an exemplary model system in
which these two modifications can be studied. The
recent discovery of the demethylating enzyme
dTet in fruit flies has enriched our understanding
of the role of TET in development and disease.
This review will cover recent discoveries on dTet
and describe the relevance of both RNA and DNA
modifications by dTet in development.

DNA methylation in Drosophila

DNA methylation of 5-cytosine plays an important
role in gene regulation and cellular differentiation
in animals and plants. It is crucial in various
processes including regulation of tissue-specific
gene expression, establishment and maintenance
of genomic imprinting and X chromosome inacti-
vation, as well as transcriptional repression of ret-
rotransposons [10]. DNA methylation occurs by
conversion of cytosine bases to 5-methylcytosine
with the help of DNA methyltransferase (DNMT)
enzymes. Demethylation of cytosines can either be
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an active process catalysed by TET enzymes
(Figure 1b) or passive by dilution [11]. In mam-
mals, DNA methylation is dynamic during early
development with two waves of demethylation and
remethylation affecting the entire genome [12].
DNA methylation in differentiated mammalian
tissues is almost exclusively found in CpG dinu-
cleotides and 70–80% of all CpG sites are methy-
lated. The global methylation pattern of different
tissues shows similar trends; while there are some
highly methylated features including satellite
DNA, repetitive elements such as transposons,
non-repetitive intergenic DNA, and exons of
genes, most sequences are methylated according
to their CpG dinucleotide frequency. In contrast
to that, promoter-associated CpG islands and first
exons are largely unmethylated. In fact, about 75%
of all promoters are estimated to lie within
unmethylated CpG islands [10,13].

DNA methylation is also present in insects, but at
lower levels than in mammals and plants, e.g., less

than 1% of CpGs are methylated in honey bees and
less than 0.2% in Florida Carpenter ants. In contrast to
mammals, methylated cytosines are mainly enriched
in gene bodies in insects [14,15]. While DNA methy-
lation has been mainly studied in eusocial insects
[14,15], a recent study on the presence of DNA
methylation in members of the genus Drosophila
established the presence of DNA methylation in the
commonmodel organismD.melanogaster and eleven
other Drosophila species at low but significant levels
[16]. Notably, D. melanogaster was shown to have the
lowest level of 5mC amongst the 12 analysed
Drosophila genomes that ranged between 0.001%
(D. melanogaster) and 0.093% (D. persimilis) 5mC
nucleotides per cytosine nucleotides [16].

In D. melanogaster, the presence and functional
role of DNA 5-methylcytosine (5mC) modification
has been controversial. While some studies have
reported the presence of 5mC in the D. melanogaster
genome at a low percentage in all stages [17], others
have reported the presence of 5mC primarily at early

Figure 1. TET-driven demethylation on different substrates (RNA/DNA) in mammals and D. melanogaster. (a) TET in mammals and
D. melanogaster demethylates the DNA on cytosines and adenosines, respectively. RNA demethylation is also carried out by TET in
D. melanogaster; however, it has only been investigated in vitro in mammals. (b) A schematic representation of active DNA
demethylation by TET, TDG (thymidine-DNA-glycosylase) and BER (base excision repair)-mediated pathways.
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stages of development [18,19], and yet others have
reported the complete absence of DNA methylation
in 0–2 h old D. melanogaster embryos [20]. These
variations appear to be due to the fact that older
studies relied on bisulphite sequencing, which is not
sensitive enough to detect lower levels of DNAmethy-
lation. Particularly in very early embryos (0–2 h),
DNA methylation is likely to be extremely low due
to the absence of maternal contribution of methylat-
ing and demethylating enzymes. Recent studies that
employed more sensitive techniques than bisulphite
sequencing such as liquid chromatography selective
reaction monitoring (LC-SRM) or ultra-high perfor-
mance liquid chromatography/triple quadrupole
mass spectrometry analysis (UHPLC/MS/MS), have
reported low but significant levels of 5mC during
different developmental stages and in adult flies [21].
Higher levels of 5mC nucleotides per cytosine nucleo-
tides are seen in early stages of development (embryo
stage 12–16: 0.026%, larval: 0.025%) and subsequently
decrease significantly during pupal stages (0.001–
0.002%) and in adult flies (0.001%) [16].

Interestingly, like most dipterans, Drosophila
are known to lack the maintenance DNA-
methyltransferase 1 (DNMT1), as well as DNA-
methyltransferase 3A and B (DNMT3A/B) that
target unmethylated cytosine for de novo methyla-
tion and only possess a single homolog of DNA-
methyltransferase 2 (DNMT2) [15,22]. Similar to
mammalian DNMT2, D. melanogaster Dnmt2 is
primarily an RNA methyl-transferase that methy-
lates several tRNAs [7,23]. Dnmt2-mediated
methylation can protect tRNAs against stress-
induced ribonuclease cleavage. This indicates
a possible role for Dnmt2 enzymes in regulating
the biogenesis of tRNA-derived small RNAs which
in turn can act to downregulate target mRNAs [7].
In line with that, loss-of-function mutants of
D. melanogaster Dnmt2 have no obvious pheno-
type under standard laboratory conditions [23],
but show reduced viability under stress conditions
[7]. In fact, the genome-wide methylcytosine pat-
terns in two different Dnmt2 mutants were
unchanged compared to wild-type flies, raising
the question whether D. melanogaster harbours
a yet unidentified DNA methyltransferase enzyme
[19]. In conclusion, D. melanogaster DNA con-
tains 5mC at low levels throughout all develop-
mental stages yet its biological function and the

methylating enzyme involved remain elusive.
However, more recent findings indicate that the
functional role of 5mC DNA methylation might be
replaced by other epigenetic marks such as 5mC
RNA methylation and 6mA DNA methylation in
D. melanogaster [4,9].

The discovery of new epigenetic marks in
Drosophila

In 2015, a study by Zhang et al. detected for the first
time 6mA in the Drosophila genome using dot blot
and UHPLC-MRM-MS/MS assays. 6mA levels were
found to be highest in early stages of Drosophila
embryogenesis (0.75–2 h/~0.07% 6 mA/dA), then
drop throughout later embryonic stages (4–16 h/
~0.001% 6 mA/dA), but could still be detected in
adult tissues including brain and ovary. Moreover,
Zhang et al. showed that nuclear protein extracts
from Drosophila embryos displayed a dynamic 6mA
demethylating activity that peaked at 6 h of embry-
ogenesis. This 6mA demethylating activity was lost in
dTetnull mutants. An in vitro assay using purified dTet
catalytic domain (aa1657-2918) and a catalytic-
impaired version where the two Fe(II)-binding sites
H1948 and D1950 were mutated to Y and A, respec-
tively, showed that the dTet catalytic domain is cap-
able of direct 6mA demethylation; this 6mA
demethylation activity was 4–5 times reduced upon
using the catalytic mutant version. Importantly, the
same dTet catalytic domain was found to be capable
of demethylating 5mC on DNA in vitro, which shows
its conserved function across vertebrates and inverte-
brates alike [4]. The 6mA demethylating activity of
dTet is somehow puzzling as sequence alignments of
dTet and mammalian TETs revealed that the active-
site residues of dTet are absolutely conserved tomam-
malian TET active-site residues involved in interac-
tions with the pyrimidine ring of 5mC (Asn and His)
[24]. It is therefore surprising that the same active site
could accommodate the larger purine ring of adenine
to allow for 6mA demethylation. In fact, dTet belongs
to the TET/kinetoplastid base J-binding protein (JBP)
family that shares sequence similarities as well as
enzymatic features with homologs present in all
domains of life (from virus to human) [25]. This well-
conserved enzyme family can oxidize 5-methylpyri-
midines, but so far only dTet has been linked to
oxidizing methylpurines [4].
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Recently, two additional studies have detected
6mA in the Drosophila genome: one used techniques
similar to the ones previously published and detected
0.0026% 6 mA/dA in fly brains [26] and another
used Nanopore sequencing [27]. Both found 6mA
enriched at intergenic regions, within introns, and at
simple repeats [26,27]. Analysis of the sequence
motifs at which 6mA is preferentially found showed
that these are also binding sites for transcriptional
activators involved in development including Bicoid
and Caudal, which are required for regulating ante-
rior/posterior patterning during development [27].

The DNA modification 6mA has well-described
functions in prokaryotes particularly in restriction-
modification systems important for host-defences
[28], DNA replication and repair [29], as well as in
gene expression [30]. In eukaryotes, 6mA has been
associated with diverse functions including
nucleosome positioning in ciliates [31], active
gene transcription in algae, worms, and humans
[2,32,33], and transposon expression in flies [4].
This diversity, therefore, suggests that this modifi-
cation has evolved species-specific functional roles.
In Drosophila, 6mA has been shown to be impor-
tant for regulating the brain-specific expression of
a group of genes involved in neurodevelopment
and neuronal functions by coordinating with the
Trithorax and Polycomb system [26] as well as for
regulating transposon expression in ovaries of
adult flies [4]. Notably, genome wide-mapping of
6mA-containing genes in adult females found that
6mA-containing genes display a high tissue-
specificity in several tissues besides the brain, indi-
cating that this modification may play a more
general role in regulating the tissue-specific
expression of genes across many tissues and dur-
ing development [27]. Therefore, 6mA in eukar-
yotic genomes appears to be a versatile mark
whose effect is not only species, but also context-
dependent. In addition to other pertinent factors
[34], in certain tissues, such as the brain, or devel-
opmental time points, the deposition of 6mA may
trigger different effects on gene expression
depending on factors that may include readers
and downstream pathways that are involved.

Besides its role in 6mA demethylation, dTet
was also found to catalyse the hydroxymethyla-
tion of 5mrC into 5hmrC. This discovery fuelled
further interest in the use of fly to study RNA

modifications since 5hmrC had not been pre-
viously described in mammals. 5hmrC was pre-
ferentially found on polyadenylated RNAs and
transcriptome-wide mapping revealed its enrich-
ment in exons and in a specific sequence context
(UCCUC repeats). In addition, it was enriched at
genes involved in developmental processes and
embryogenesis [9]. Although data on the func-
tional role of 5hmrC is still lacking, this study
has provided a hint that 5hmrC may favour
translation of mRNA transcripts as ribosome
load was increased on 5hmrC-containing RNAs.
Another study in mammals indicated a possible
role for 5mrC in regulating mRNA export from
the nucleus [35]. Further studies are required to
determine the biological outcome of this RNA
modification. It will then be possible to have
a better understanding of the role of dTet in
demethylating 6mA versus 5mrC and whether
these two marks are important at distinct devel-
opmental stages or tissues.

DNA 6-methyladenine and RNA
5-methylcytosine in mammals

After 6mA and 5hmrC were discovered in flies,
mammalian tissues were closely probed for their
presence, as summarized in (Figure 1a, Table 1).
Interestingly, in a mouse study, 6mA was shown to
be a highly adaptive mark as its presence was
affected by environmental conditions. When mice
were exposed to chronic restraint stress, 6mA levels
increased significantly in the brain [3]. This was
associated with decreased expression of transposons,
which is in line with data previously reported in flies
[4]. Transposons contribute to genomic instability
and may lead to gene mutations due to insertions at
random loci. Accordingly, various transposable ele-
ments are associated with diseases such as cancer, in
which transposon promoters are demethylated
(Reviewed in [36]). This highlights the possible rele-
vance of 6mA, and therefore dTet, in regulating
transposon expression at an appropriate level.

Similar to the finding in Drosophila brains [26],
6mA enrichment was also correlated with altered
expression of important neuronal genes in mice
[3]. Interestingly, many 6mA dynamic genes over-
lapped with genes associated with depression, aut-
ism, and schizophrenia, further consolidating the
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link between 6mA regulation and disease [3]. This
was also confirmed in human cancer tissues, upon
the discovery that a decrease in 6mA levels may be
involved in tumorigenesis [33]. In another paper,
6mA was found to be enriched in primary human
glioblastoma cells and brain tissues [37]. This was
associated with repression of tumour suppressor
genes such as Cyclin-dependent kinase inhibitor 3
(CDKN3) and Ras association domain family
member 2 (RASSF2). Due to these conflicting find-
ings on whether global 6mA is increased or
decreased in glioblastoma, additional studies on
glioblastoma patient samples are required to elu-
cidate the involvement of 6mA in glioblastoma
and other cancers.

5hmrC was found to be present in various
human cell lines as well as mouse and human
tissues with the highest levels of 5hmrC detected
in brain and heart tissues [38] (Figure 2b). Levels
were decreased upon triple knockdown of TETs 1,
2, and 3 [38]. In the mouse brain, 5hmrC levels
were highest in the cerebellum, hippocampus, and
brain stem [39]. In a mouse model for Parkinson’s
disease, 5hmrC levels were significantly reduced in
the substantia nigra and striatum, two regions that
are highly implicated in the pathology of the

disease [39]. TET proteins also play an important
role in zygotic epigenetic reprogramming, pluripo-
tent stem cell differentiation and haematopoiesis
(Figure 3) [11]. Moreover, unpublished data from
our group also revealed dTet expression in the
larval and pupal fat body (an organ involved in
immune response) [modEncode [40]; Shirinian
lab, unpublished]; however, whether dTet plays
a role in Drosophila haematopoiesis remains to
be clarified.

To decipher the functional role of 6mA and
5hmrC on a molecular level, a deep understand-
ing of the pathways that are involved is essential,
especially on ‘readers’ which are molecules
responsible for interpreting these marks and trig-
gering downstream effectors that result in
a change in gene expression. Many readers of
5hmC on DNA have been investigated. Some
well-characterized mammalian readers include
Ubiquitin-like with PHD and Ring Finger
Domains 2 (UHRF2) and Methyl-CpG-binding
Protein 2 (MeCP2) [41,42]. Whether the readers
for 5hmC on DNA and RNA are the same is yet
to be determined. Furthermore, only a few 6mA
readers have been identified, such as the YT521-B
homology (YTH) domain proteins, which are

Table 1. The function of 6mA and 5hmrC modification in different multicellular organisms.

Modification
Multicellular
organism Function

Correlation with
gene expression Reference

6mA A. thaliana protein coding gene regulation activation Liang et al. 2018
B. mori regulates cell cycle progression repression Wang et al. 2018
C. elegans gene regulation, regulation of stress response, transgenerational

inheritance
activation Greer et al. 2015

Ma et al. 2019
D. melanogaster regulates transposon expression in ovary

regulates neuronal gene expression in brains
regulates transcription in whole fly

activation
repression
repression

Zhang et al. 2015
Yao et al. 2018
Shah et al. 2019

D. rerio and
S. scrofa

involved in embryogenesis, activation of repetitive elements activation Liu et al. 2016

H. sapiens prevents tumorigenesis activation Xiao et al. 2018
M. musculus regulates expression of neuronal genes and LINE transposon

expression in stress condition
repression Yao et al. 2017

O. sativa gene regulation, repression of transposable element-related genes gene-dependent Zhou et al. 2018
T. thermophile contributes to nucleosome positioning gene-dependent Wang et al. 2017
X. laevis regulates transcription, nucleic acid binding, metabolic processes,

cell adhesion and ATP binding activity
N/A Koziol et al. 2016

5hmrC D. melanogaster regulates embryogenesis/development gene-dependent Delatte et al. 2016
M. musculus decrease detected in model of Parkinson’s disease N/A Miao et al. 2016
M. musculus and
H. sapiens

regulates gene expression N/A Fu et al. 2014

Abbreviations
5mC: 5-methylcytosine
5hmC: 5-hydroxylmethylcytosine
TET: Ten-eleven Translocation
DNMT: DNA methyltransferase
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known to regulate RNA signalling pathways [43].
In the fly, readers of 5hmC have not been identi-
fied yet. However, a conserved YT521 protein has
been shown to be an RNA 6mA reader [44].
Further studies into the readers, writers, and era-
sers of these novel marks will contribute to our
overall understanding of the pathways that are
activated upon demethylation of 6mA or 5hmrC.

Structural basis of Drosophila Tet protein

The Drosophila genome contains a single Tet gene
that encodes six annotated transcripts. Of these six
transcripts, two are short and only contain the
catalytic double-stranded beta helix (DSBH)
domain, while the other four are longer and con-
tain an additional N-terminal CXXC zinc finger

Figure 2. Comparison of human and D. melanogaster TET protein structure and expression. (a). Three TET proteins are found in
humans in comparison to one TET (dTet) homologue in D. melanogaster. All share a conserved cysteine-rich domain (dark blue
colour) and a DSBH (Double Stranded Beta-Helix) domain (dark grey colour). TET2 lacks the CXXC DNA binding domain (light blue
colour). The Fe(II)-binding site (red colour) and 2-oxoglutarate binding site (yellow colour) are both located within the catalytic
domain. (b). An overview of TET expressing tissues in humans and D. melanogaster.
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domain that has putative DNA binding activity.
dTet is evolutionarily conserved to the three mam-
malian TET proteins, particularly the amino acid
sequence in the functional domains (Figure 2a).
Three-dimensional modelling and comparison
between human TET1, TET2 and TET3 and the
dTet catalytic domain showed that dTet is most
closely related to hTET3 [45], the only mamma-
lian TET protein that is essential for development
and is highly expressed in the nervous system
during development [46,47]. Comparably, dTet is
also required for normal development and
viability.

Two studies addressed the functional require-
ments of the conserved domains of dTet by gener-
ating domain-deletion alleles. The first study used
the CRISPR/Cas system to generate an N-terminal
deletion that lacks the CXXC domain and
a C-terminal deletion that removes the DSBH cata-
lytic domain. While the CXXC domain is dispensa-
ble for the role of dTet during development and is
not required for catalytic activity, the catalytic
domain of dTet is required for development and
a trans-heterozygous mutant showed a significant
increase in the 6mA mark in its genomic DNA [4].
Conversely, a second study that used FRT-mediated
site-specific recombination of piggyBac transposons
to generate truncated versions of the dTet protein
found that both N- and C-terminally truncated dTet
led to pupal lethality, either homozygous or trans-

heterozygous over dTetnull. Moreover, both, N- and
C-terminally truncated dTet mutant larvae, dis-
played clear defects in locomotion [48]. Together,
this suggests that the catalytic domain is essential for
the role of dTet in development; however, the con-
flicting results about the necessity of the CXXC
domain requires further investigation and might be
due to the fact that both studies used deletion con-
structs of different length.

Dynamic expression of Drosophila Tet during
development

dTet expression is dynamic and tightly regulated
during development. In situ staining and mRNA
seq data have shown that dTet expression is absent
in early embryos (0–2 h/no maternal contribution)
and is only detected from 3 h post-fertilization
(stage 7) onwards. dTet is first expressed in ecto-
derm tissues, the hindgut, and ventral nerve cord
(VNC) (stages 7 to 10). At 6–8 h post-fertilization
expression of dTet peaks (~stage 11 to 12). At this
stage, dTet is observed ubiquitously at faint levels
and at higher levels in the central nervous system
(CNS). Expression of dTet decreases by stages 13
to 16 and becomes limited to the nervous system
[modEncode 40,48,49]. Similar embryonic expres-
sion profiles have been observed with the endo-
genous dTet-GFP reporter [48] and by western
blot using a dTet-specific antibody [4]. After

Figure 3. Comparison between the function of TET proteins in D. melanogaster and mammals.
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embryogenesis, dTet is mainly expressed in the
CNS of L3 wandering larvae (particularly in neu-
rons, the optic lobe, and midline glia [50]); how-
ever, it is also expressed at lower levels in imaginal
discs and the carcass [9]. In pupal and adult stages,
there is less dTet expression and it is mainly con-
centrated in the head and CNS compared to other
tissues such as the ovary [4,9,45]. Taken together,
dTet expression is tightly controlled and the pro-
tein is most abundantly expressed in the nervous
system throughout development, but dTet expres-
sion is also required in other tissues such as the
ovaries and somatic muscle precursors at specific
developmental time points [4,48].

Functional role of Drosophila Tet during
development

One of the advantages of the Drosophila system is
the lack of genetic redundancy compared to other
model organisms. D. melanogaster has only
a single Tet gene as opposed to three TET genes
that have overlapping functions in mammals.
Therefore, it is easier and more straight-forward
to generate dTet knockout (dTetnull) flies than for
example TET1/2/3 knockout mice and study
resulting mutant phenotypes. Currently, there are
six reported partial or full dTetnull alleles, which
differ in size and location of the underlying geno-
mic deletion and were generated with different
genetic techniques including CRISPR/Cas and
transgenic transposon insertion. Notably, the
exact time point that dTetnull-animals die differs
slightly depending on the alleles used to generate
dTetnull-animals [4,9]. Differences in survival rates
could either be due to secondary (off-target) muta-
tions on the more severe dTetnull allele or to an
only partial loss of function mutations on less
severe dTetnull alleles. Despite these slight varia-
tions in survival, all dTetnull flies died within 2
days of eclosion and displayed a strong locomo-
tion phenotype that was consistently observed in
all mutant alleles [48]. Here, we will summarize
some of the important roles of dTet.

Role of dTet in brain and muscle precursors

One of the most striking phenotypes that dTetnull

larvae and adult escapers display is impaired

locomotion. In motility assays dTetnull and dTet-
depleted larvae were shown to exhibit severe loss
of motility and body wall contractions indicating
that dTet is required for normal locomotion
[48,50]. Locomotion behaviours are coordinated
by neurons, motor neurons, neuromuscular junc-
tions, and muscles, which seem to be affected to
different degrees in dTetnull larvae.

Muscle-specific knockdown of dTet resulted in
larval locomotion defects similar to those observed
in dTetnull animals suggesting that dTet is required
in somatic muscle tissue for normal locomotion.
Interestingly, dTet was shown to be essential in
somatic muscles at early stages of development
(embryogenesis) and dispensable at the larval
stages [48].

dTetnull larvae were reported to show no signif-
icant changes in morphology or number of bou-
tons in the neuromuscular junctions (NMJs) of
motor neurons terminating on the somatic mus-
culature. In line with that, motor neuron-specific
knockdown of dTet did not result in a locomotion
phenotype [48]. In contrast, we found that dTetnull

larvae (Mi(MIC)TetMI03920/Df(3 L)Exel6091)
display small, but significant changes in sarcomere
organization (increased number of split muscles
and unorganized sarcomeric structure) (Shirinian
lab, unpublished). While NMJ branching was not
affected, there was a significant decrease in muscle
nuclei and an increase in bouton numbers.
However, these changes do not fully explain the
severe locomotion phenotype observed, indicating
that the requirement for dTet in locomotion is not
primarily in NMJs.

dTet expression is highest in the nervous system
throughout development, further stressing the
importance of dTet for brain development. While
the embryonic nervous system and third instar
larval brains of dTetnull animals show no major
difference in organization or morphology com-
pared to wild-type, neuron- or midline glia-
specific depletion of dTet resulted in severe loco-
motion defects [48] and additional phenotypes in
mushroom body organization (neuronal) [26] or
axon patterning (midline glial) [50], respectively.
Neuron-specific knockdown of dTet showed that
besides its function in locomotion, dTet also plays
a role in maintaining the normal circadian rhythm
in a subgroup of neurons called pigment-
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dispersing factor (PDF) neurons by controlling the
development of precursors into functional PDF
neurons [48]. Moreover, dTet expression was
detected in midline glia cells in the late embryonic
CNS and in third instar larval VNCs [50]. Midline
glia play an important role in axon guidance dur-
ing brain development and dTet depletion with
either ubiquitous or midline glia-specific drivers
resulted in impaired locomotion as well as disrup-
tion of axons and midline commissure organiza-
tion in third instar larval VNCs suggesting that
dTet function in midline glia contributes to nor-
mal locomotion [50]. In addition, neuronal knock-
down of dTet resulted in aberrant midline cleft
crossings of mushroom body β-lobes in adult
flies [26].

Interestingly, dTet depletion in flies leads to
downregulation of genes involved in behaviour,
learning, memory, and neuronal differentiation
accompanied by an increase of 6 mA in the same
genomic regions [26]. Similarly, gene expression
analysis by RNA-seq upon dTet depletion in a fly
neuronal cell line (BG3 C2) showed that particular
genes involved in processes such as neuron develop-
ment, neuron differentiation, axon guidance, and
axogenesis are downregulated, while simultaneously
displaying intragenic gain-of-6mA regions [26]. In
line with that, genes involved in axon guidance and
axonogenesis such as slit and prospero have been
demonstrated to be downregulated in dTet-depleted
third instar brains [50]. Moreover, dTet has been
suggested to work cooperatively with the Trithorax/
Polycomb system via direct interaction with the
Trithorax-related protein Will die slowly (Wds) in
fly neurons to activate transcription of a group of
neuron-specific genes (involved in axonogenesis and
neuronal development and differentiation) by
removing intragenic 6mA. Depletion of dTet
resulted in a reduction of Wds binding and accumu-
lation of 6mA. This 6mA accumulation was shown
to coincide with an increase in Polycomb (Pc) bind-
ing suggesting that recruitment of Polycomb pro-
teins implements transcriptional repression on
these loci [26].

Role of dTet in ovaries

dTetnull mutants display a strong phenotype in
larval and adult ovaries [4,48] despite low dTet

expression in this organ [9]. While low levels of
dTet expression were detected in germaria and egg
chambers of Drosophila ovaries particularly in the
nucleus of germ cells when using a dTet specific
antibody [4], an endogenous dTet-GFP reporter
did not show expression in adult fly ovaries or in
somatic and germline cells, and was absent in
embryonic gonads [48]. However, weak nuclear
expression was detected in the terminal filament
cells in gonads of third instar larvae, which might
explain the disrupted ovary phenotype present in
dTetnull animals. dTetnull ovaries showed an
increase in the average of spectrosome-containing
germ cells (GSC-like cells) as compared to wild-
type ovaries [4]. Moreover, dTet overexpression
using a germ-cell-specific driver resulted in
a significant loss of germ cells, therefore, indicat-
ing that dTet plays a role in promoting early germ
cell differentiation [4]. In contrast, Wang et al.
reported that ovaries in dTetnull larvae and pharate
adults showed disrupted organization without loss
of germ cells. In fact, ovarioles failed to separate
and early egg chambers and somatic parts of the
ovary were not detected with the exception of
a few stage 8 egg chambers [48]. Furthermore,
Wang et al. showed that induction of germ line
clones during embryonic and not third instar lar-
val stage resulted in the reduction of the number
of dTetnull egg chambers as compared to controls,
implicating the requirement of dTet in oogenesis
during embryonic and early larval stages [48].

Intriguingly, dTet mutant ovaries showed a 10-
fold increase in 6mA levels. In wild-type ovaries,
high levels of 6mA were detected in the less differ-
entiated germarium cells, including the germ and
somatic cells, which then dropped throughout
development and in the more differentiated egg
compartments. While nuclear extract from wild-
type ovaries had a strong demethylation activity
for 6mA, nuclear extract from dTetnull ovaries
displayed very low levels of 6mA demethylation
activity in in vitro assays. Addition of purified dTet
catalytic domain (1657–2918aa) restored the
demethylation activity, whereas addition of dTet
catalytic mutant domain (1657–
2918aaY1948A1950) did not, implicating the cata-
lytic domain of dTet in direct demethylation of
6mA [4]. This 6mA demethylation activity is cor-
related with suppression of transposon expression

EPIGENETICS 1147



and hence gene regulation. If this activating effect
of 6mA on transposon expression is a germline-
specific phenomenon in Drosophila or can also be
observed in somatic cells remains to be clarified.
Finally, the expression pattern differences seen
between the two studies could be due to some
unspecific anti-dTet antibody binding, since the
dTet-GFP line expression pattern reported by
Wang et al. is also in line with data from
modEncode [40].

Conclusion and outlook

In this review, we discussed recent findings on the
role of DNA/RNA demethylation by dTet and the
impact of the novel 6mA DNA and 5hmC RNA
marks on development. These insights highlight
the need for more studies that can contribute to
our understanding of how these two modifications
act during development in the fly and beyond.

The physiological function of 6mA and its effect
on gene expression needs to be further investigated.
Existing data on the functional role and distribu-
tion pattern of 6mA in eukaryotes point at species-
specific roles, since neither methylation patterns
nor biological roles appear to be strictly conserved
[2,4,26,32,33]. Moreover, data from Drosophila
indicate that even within the same organism 6mA
might have different, tissue-specific functions
[4,26]. Future studies on detailed molecular
mechanisms of 6mA-mediated regulation of gene
and transposon expression are required and will
help to understand how the same DNA modifica-
tion can result in diverse species- and tissue-
specific outputs. Identifying specific 6mA writers,
erasers, and readers in different eukaryotes will be
an important step in further unravelling the role of
this mark. While writers and erasers have been
identified for several organisms including worms
[2] and humans [33], data on readers of 6mA in
other eukaryotes are still lacking. Interestingly, the
reported genomic 6mA demethylase ALKBH1 in
human and mouse ALKBH1 are highly homolo-
gous [33] and belong, together with NMAD-1, the
6mA demethylase identified in C. elegans [2], to the
AlkB family of dioxygenases, a class of DNA/RNA
repair enzymes that remove alkyl adducts such as
m6A and m3C from nucleobases by oxidative deal-
kylation [33,51]. Conversely, the reported 6mA

demethylase in Drosophila belongs to the TET/
JBP family and appears to have extended its sub-
strate specificity in flies. One intriguing question
that remains to be tackled is how dTet is targeted to
mediate selective oxidation for its substrates (RNA
versus DNA, respectively, 5mrC versus 6mA) and
whether this activity spectrum is fly-specific.
Studies have shown that mammalian TET enzymes
are promiscuous and can oxidize 5mC and 5mrC
in vitro [38]. Recently, a detailed biochemical ana-
lysis of the catalytic domain of human TET2 found
that TET2 is most proficient at dsDNA oxidation,
discriminates strongly against dsRNA, but tolerates
ssDNA, ssRNA as well as hybrid substrates [52].
Therefore, the reported 5mrC demethylating activ-
ity [9] of the well-conserved dTet in the absence of
abundant DNA methylation in the fly is no sur-
prise; it is more difficult to reconcile how dTet
would have managed to broaden its substrate spe-
cificity from 5mC to 6mA in DNA without changes
to the active site of the catalytic domain. Structural
studies of dTet’s catalytic domain in complex with
its substrates including 6mA and 5mrC will be
necessary to resolve this puzzling question.
Whether TET enzymes have evolved to support
diverse biological functions in different organisms
is still elusive and could be elegantly addressed by
assessing its proficiency towards different sub-
strates in various species. An additional open ques-
tion is which methyltransferases are catalysing
6mA and 5mrC in Drosophila. Further assessment
on the role of TET substrates and oxidized TET
derivatives (5hmc, 5fc, 5caC) as independent epi-
genetic marks will help us to understand the stabi-
lity and the dynamics of these marks in different
pathologies such as cancers, neurological, and auto-
immune diseases. In this regard, writers and read-
ers of the DNA/RNA marks as well as genes that
generate the cofactors for TET such as the citric
acid cycle enzymes, isocitrate dehydrogenase 1 and
2 (IDH1 and 2), should be thoroughly investigated.
Furthermore, it has been suggested that dTet may
affect gene expression independently of its catalytic
function [45] for example, through interacting pro-
teins. Intriguingly, mammalian TET proteins have
been shown to interact with the O-linked
N-acetylglucosamine (O-GlcNAc) transferase
(Ogt), which also catalyses histone modifications
thus linking TETs to other epigenetic control
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mechanisms besides DNA demethylation [53].
Therefore, studying the non-catalytic role of TET
will enrich our understanding of TET proteins in
health and disease.**** [54–58].
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