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m6A modulates neuronal functions and 
sex determination in Drosophila
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RNA modifications represent a critical layer of epigenetic regulation 
of gene expression1. m6A is among the most abundant modifications 
in the mammalian system2,3. m6A distribution has been determined 
in several organisms and cell types, including human, mouse, rice and 
yeast4–7. The modification is found in a subset of the RRACH con-
sensus sites (R, purine; H, non-guanine base) and is enriched around 
stop codons, in the 3′-untranslated regions (3′ UTRs) and within long 
internal exons. m6A was shown to control several post-transcriptional 
processes, including pre-mRNA splicing, mRNA decay and transla-
tion4,5,8–16, which are mediated in part via conserved members of the 
YTH protein family4,17. The methyltransferase complex catalysing m6A 
formation in mammals consists of methyltransferase-like 3 (METTL3), 
methyltransferase-like 14 (METTL14) and a stabilizing factor called 
Wilms’ tumour 1-associated protein (WTAP)9,11,18,19. In mammals, 
m6A can be reverted into adenosine via two identified demethylases: 
fat mass and obesity associated factor (FTO)20–22 and AlkB homologue 
5 (ALKBH5)23.

Several studies have uncovered crucial roles for METTL3 during 
development and cell differentiation. Knockout of Mettl3 in murine 
naive embryonic stem cells blocks differentiation24,25, while its deletion 
in mice causes early embryonic lethality. Similarly, in Drosophila, loss 
of the METTL3 orthologue Ime4 is reported to be semi-lethal dur-
ing development, with adult escapers having reduced fertility owing 
to impaired Notch signalling26. Depletion of the METTL3 orthologue 
MTA in Arabidopsis thaliana also affects embryonic development27,28, 
while in yeast ime4 has an essential role during meiosis29–31. All of 
these observations indicate the importance of m6A in the gonads and 
during early embryogenesis. Recent crystal structure studies investi-
gated the molecular activities of the two predicted catalytic proteins32,33;  
however, their respective roles in vivo remain unclear. Here we char-
acterize members of the methyltransferase complex in Drosophila and 
identify the split ends (SPEN) family protein, Spenito (Nito), as a novel 
bona fide subunit. Expression of complex components is substantially 
enriched in the nervous system, and flies with mutations in Ime4 and 
Mettl14 suffer from impaired neuronal functions. Methyltransferase 
complex components also influence the female-specific splicing of 

Sex-lethal (Sxl), revealing a role in fine-tuning sex determination and 
dosage compensation. Notably, knockout of the nuclear m6A reader 
YT521-B resembles the loss of the catalytic subunits, implicating this 
protein as a main effector of m6A in vivo.

m6A is enriched in the nervous system
To investigate potential functions of m6A in Drosophila, we monitored 
its levels on mRNA samples isolated at different developmental stages 
of wild-type flies using mass spectrometry (Fig. 1a and Extended Data 
Fig. 1a, b). We find that m6A is remarkably enriched in early embryo-
genesis but drops dramatically 2 h after fertilization and remains low 
throughout the rest of embryogenesis and early larval stages. During 
the third larval instar, m6A rises again to reach a peak at pupal phases. 
While the overall level of m6A decreases in adults, it remains substan-
tially elevated in heads and ovaries.

A phylogenetic analysis of the Drosophila METTL3 orthologue Ime4 
(Extended Data Fig. 1c) identifies two closely related factors, CG7818 
and CG14906. Depletion of Ime4 and CG7818 in embryonic-derived 
Schneider (S2R+) cells decreases m6A levels by about 70%, whereas 
depletion of CG14906 had no effect (Fig. 1b and Extended Data Fig. 1d).  
These results indicate that Ime4 and CG7818 are required to pro-
mote m6A activity in Drosophila. Because of its sequence and func-
tional conservation with human METTL14, CG7818 was renamed 
dMettl14. Fl(2)d and Virilizer (Vir) are the Drosophila homologues of 
WTAP and KIAA1429, respectively, which are integral components of 
the complex in mammals6. Both transcripts follow the same develop-
mental distribution as other methyltransferase complex components 
and their depletion also affects m6A levels (Fig. 1a, b and Extended 
Data Fig. 1d–f). Ime4 and Fl(2)d co-immunoprecipitate with dMettl14 
in an RNA-independent manner (Fig. 1c). Likewise, Vir, Fl(2)d and 
Ime4 are found in the same complex (Extended Data Fig. 1g). Notably, 
Fl(2)d depletion reduces the interaction between Ime4 and dMettl14 
(Extended Data Fig. 1h), confirming its proposed role as a stabilizing 
factor. All components localize in the nucleus and are ubiquitously 
expressed in early embryonic stages (data not shown) but show sub-
stantial enrichment in the neuroectoderm at later stages (Fig. 1d, e). 

N6-methyladenosine RNA (m6A) is a prevalent messenger RNA modification in vertebrates. Although its functions in 
the regulation of post-transcriptional gene expression are beginning to be unveiled, the precise roles of m6A during 
development of complex organisms remain unclear. Here we carry out a comprehensive molecular and physiological 
characterization of the individual components of the methyltransferase complex, as well as of the YTH domain-containing 
nuclear reader protein in Drosophila melanogaster. We identify the member of the split ends protein family, Spenito, as 
a novel bona fide subunit of the methyltransferase complex. We further demonstrate important roles of this complex in 
neuronal functions and sex determination, and implicate the nuclear YT521-B protein as a main m6A effector in these 
processes. Altogether, our work substantially extends our knowledge of m6A biology, demonstrating the crucial functions 
of this modification in fundamental processes within the context of the whole animal.
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Altogether, our results demonstrate the existence of a conserved func-
tional methyltransferase complex in Drosophila and reveal its particular 
abundance in the nervous system.

YT521-B mediates m6A-dependent splicing
To obtain insight into the transcriptome-wide m6A distribution in 
S2R+ cells, we performed methylated RNA immunoprecipitation 
followed by sequencing (MeRIP-seq) (Extended Data Fig. 2a, b). In 
total, 1,120 peaks representing transcripts of 812 genes were identified 
(Supplementary Table 1). The consensus sequence RRACH is present 
in most m6A peaks (n = 1,027, 92% of all peaks) (Fig. 2a). Additional 
sequences are also enriched, suggesting their potential involvement 
in providing specificity to the methyltransferase complex (Extended 
Data Fig. 2c). As shown in other species, enrichment near start and 
stop codons was observed (Fig. 2b, c).

We next performed transcriptome analyses in S2R+ cells lacking 
m6A components (Extended Data Fig. 3a–c). Knockdown of Fl(2)d 
leads to strong changes in gene expression (n = 2,129 differentially 
expressed genes; adjusted P value < 0.05; Fig. 2d, e and Supplementary 
Table 2), while knockdowns of Ime4 and dMettl14 have milder effects. 
Gene ontology analyses revealed that genes involved in diverse 

metabolic processes, anion transport and cell adhesion are significantly 
overrepresented (Extended Data Fig. 4). Despite the fact that S2R+ cells 
are of non-neuronal origin, the affected genes are also enriched for  
neuronal functions, including roles in axon guidance and synapse  
activity. Consistent with the larger average size of neuronal genes34, 
affected genes are significantly larger than the non-affected ones  
(Fig. 2f). We next compared the genes affected upon Ime4/dMettl14 
double knockdown with the m6A profile. Overall, about 15% of 
the affected genes contain at least one m6A peak (Fig. 2g). We find 
a slight but significant positive influence of m6A on mRNA levels 
(P value = 9.9 × 10−4) (Extended Data Fig. 3d) and this effect seems 
independent of the location of the m6A peak along the transcript 
(Extended Data Fig. 3e). Several splicing changes upon knockdown of 
individual complex components were also observed (Fig. 2h, i). fl(2)d 
itself is among the affected transcripts in any of the knockdowns tested 
(Extended Data Fig. 5). Generally, each knockdown results in alterna-
tive 5′ splice site usage and intron retention (Extended Data Fig. 3f), 
which was also observed in human cells4.

YTH proteins are critical readers of m6A in mammals. While ver-
tebrates contain five proteins of this family, only two members exist 
in flies, CG6422 and YT521-B (Extended Data Fig. 6a). We find that 
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Figure 1 | Drosophila m6A methyltransferase complex is enriched in 
the nervous system. a, Heatmap shows relative mRNA expression of 
methyltransferase complex subunits and m6A levels during development. 
b, m6A liquid chromatography tandem-mass spectrometry (LC–MS/MS)  
quantification in different knockdown conditions. Ctr, control. Bar 
chart represents the mean ± standard deviation (s.d.) of three technical 
measurements from three biological replicates. ***P < 0.0001 (one-way 
analysis of variance (ANOVA), Tukey`s post-hoc analysis). c, Lysates from 
S2R+ cells expressing indicated proteins were immunoprecipitated using 
Myc beads. HA, haemagglutinin. d, Immunostaining of indicated proteins 
in S2R+ cells. DAPI, 4′,6-diamidino-2-phenylindole. Scale bars, 10 μm. 
e, In situ RNA hybridization. elav-positive (elav-as) and -negative (elav-s) 
controls are shown. CNS, central nervous system. Scale bars, 100 μm.
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Figure 2 | m6A controls alternative splicing via YT521-B. a, Sequence 
logo of deduced consensus motif for most m6A peaks centred on the 
modified adenosine. b, Pie chart of m6A peak distribution in distinct 
transcript segments. Start codon (± 300 bp window around start),  
CDS (coding sequence (CDS) excluding 300 bp after start and 300 bp 
before stop), stop codon (± 300 bp window around stop). c, Normalized 
m6A read counts in a  ± 300 bp window around start (left) and stop  
codons (right) for all transcripts detected. RPM, reads per million.  
d, Number of differentially expressed genes upon knockdown (KD) 
of indicated proteins. e, Venn diagrams representing common targets 
between methyltransferase complex components and YTH proteins.  
f, Boxplots of gene length for all expressed (Exp.) genes (average  
coverage >1 read per kilobase per million mapped reads (RPKM)  
in control conditions) and differentially expressed genes in each 
knockdown. Distributions were compared to all expressed genes using  
the Wilcoxon rank sum test. Expressed genes were downsampled to 
the same number of genes as in the given knockdown. g, Venn diagram 
showing the overlap of differentially regulated and/or spliced genes 
in Ime4/dMettl14 double knockdown with genes containing m6A 
peaks. h, Number of differentially spliced genes upon knockdown of 
methyltransferase components and YTH proteins. i, Venn diagrams 
showing number of common targets between methyltransferase complex 
components and YTH proteins.
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CG6422 is localized in the cytoplasm and strongly enriched during 
the first 2 h after fertilization but then declines and remains at low 
levels during development and adulthood. By contrast, YT521-B is 
strictly nuclear and shows strong enrichment in the embryonic nerv-
ous system and adult brains (Fig. 1d, e and Extended Data Fig. 6b). 
Using dot-blot assays and pull-down experiments we confirmed that 
YT521-B binds m6A in Drosophila (Extended Data Fig. 6c, d). RNA-
sequencing (RNA-seq) experiments show that depletion of CG6422 
only marginally affects splicing (Fig. 2h) while YT521-B knock-
down significantly impairs this process (103 differentially regulated 
splicing events; adjusted P value < 0.1). The overlap of mis-spliced 
events between YT521-B knockdown and knockdown of methyl-
transferase complex subunits is about 70% (Fig. 2i), revealing that 
YT521-B might be the main mediator of m6A function in pre-mRNA  
splicing.

m6A components modulate fly behaviour
To investigate potential roles of m6A during Drosophila development, 
we generated Ime4- and dMettl14-knockout flies (Extended Data 
Fig. 7a, b, d). Two deletions in Ime4 were created, removing the entire 
coding sequence (Ime4null) or only the C-terminal part containing the 
catalytic domain (Ime4Δcat). We find that flies homozygous for either 
mutant allele as well as transheterozygous flies survive until adulthood. 
We did not observe encapsulation defects in ovaries as previously 
shown using different alleles26 (Extended Data Fig. 8a). However, the 
mutant flies have a reduced lifespan and exhibit multiple behavioural 
defects: flight and locomotion are severely affected and they spend 
more time grooming (Fig. 3b, c and Extended Data Fig. 8b). They also 
display a mild held-out wing appearance resulting from failure to fold 
their wings together over the dorsal surface of the thorax and abdomen 
(Fig. 3a). dMettl14 mutant flies have normal wings but their locomo-
tion is also deficient (Fig. 3a, b). To test whether Ime4 and dMettl14 
can compensate for each other in vivo, we generated double-mutant 
animals. Removing one copy of Ime4 in the dMettl14 mutant back-
ground mimics the held-out wing phenotype observed upon loss of 
Ime4 (Fig. 3a). Double-homozygous mutants give similar phenotypes 
as the Ime4 single knockout, albeit with increased severity (Fig. 3b). 
Altogether, these phenotypic analyses strongly suggest that Ime4 and 
dMettl14 control similar physiological processes in vivo, indicating that 
they probably regulate common targets. Furthermore, the function of 
Ime4 appears to be slightly predominant over dMettl14 and most activ-
ities require its catalytic domain.

To quantify the locomotion phenotype better, the so-called Buridan’s 
paradigm35,36 was applied. We find that the activity and walking speed 
of Ime4 mutant flies is reduced by twofold compared with control flies 
(Fig. 3c and Extended Data Fig. 8c). In addition, orientation defects 
were observed. All phenotypes were rescued by ubiquitous (Tub-GAL4) 
and neuronal (elav-GAL4), but not mesodermal (24B10-GAL4) expres-
sion of Ime4 complementary DNA (Fig. 3c and Extended Data Fig. 8c). 
These findings demonstrate that m6A controls Drosophila behaviour 
by specifically influencing neuronal functions. To investigate poten-
tial neurological defects underlying the behavioural phenotype, we 
examined the neuromuscular junction (NMJ) of Ime4-mutant larvae. 
Notably, NMJ synapses grow exuberantly in the Ime4 mutant, display-
ing a 1.5-fold increase in the number of boutons and a 1.3-fold increase 
of active zones per bouton (Extended Data Fig. 7e), indicating that 
Ime4 may regulate locomotion via control of synaptic growth at the 
NMJ. To identify target genes involved in locomotion, adult heads of 
1–2-day-old female flies were dissected and subjected to RNA-seq. In 
total, 1,681 genes display significant changes in expression and splicing 
upon Ime4 loss of function (adjusted P value < 0.05). Notably, many 
of the affected genes control fly locomotion (n = 193; Supplementary 
Table 6). We next compared the list of affected genes with our MeRIP 
data from S2R+ cells and identified a dozen locomotion-related genes 
as potential direct targets of m6A (Supplementary Table 7). Hence, 
it is likely that more than a single gene accounts for the locomotion 
phenotype observed in the absence of a functional methyltransferase 
complex.

m6A components modulate splicing of Sxl transcripts
Among the top hits showing changes in alternative splicing upon Ime4 
knockout was Sxl, encoding a master regulator of sex determination 
and dosage compensation37 (Fig. 4a). Sxl is expressed in both females 
and males, but the transcript in males contains an additional internal 
exon introducing a premature stop codon. To confirm the role of Ime4 
and potentially dMettl14 in Sxl splicing, we analysed RNA extracts 
from the heads of both sexes by polymerase chain reaction with reverse 
transcription (RT–PCR). While splicing is unaffected in males, mutant 
females of both genotypes show inclusion of the male-specific exon 
and decrease of the female-specific isoform (Fig. 4b, c). We found 
that this decrease is less pronounced when analysing isoform levels 
from whole flies, possibly reflecting the specific enrichment of m6A 
in the brain (Extended Data Fig. 9a). Consistent with our findings, 
splicing of two Sxl target transcripts, transformer (tra) and msl-2, is 
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Figure 3 | YT521-B and the methyltransferase complex control fly 
behaviour. a, Adult flies of indicated genotypes. b, Bars represent 
the mean ± s.d. of female flies (n = 10 per condition) that climb over 
10 cm in 10 s (six independent measurements). *P < 0.01; **P < 0.001; 
***P < 0.0001; NS, not significant (one-way ANOVA, Tukey’s post-hoc 
analysis). Student’s t-test was used for YT521-B analysis. c, Walking 

speed of indicated females (n = 15 per condition) measured in Buridan’s 
paradigm. Kruskal–Wallis analysis with Bonferroni correction (Ime4) 
and one-way ANOVA, Bonferroni post-hoc analysis (YT521-B) were 
used. Boxes signify 25%/75% quartiles, thick lines indicate medians, and 
whiskers show maximum interquartile range × 1.5. *P < 0.0, **P < 0.01, 
***P < 0.001; NS, not significant; WT-CS, wild-type Canton-S flies.
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also altered (Extended Data Fig. 9b, c). These results indicate that 
the methyltransferase complex facilitates splicing of Sxl pre-mRNA, 
suggesting a role in sex determination and dosage compensation. To 
validate this hypothesis, we tested whether Ime4 genetically interacts 
with Sxl. Transheterozygous Ime4 females were crossed with males  
carrying a deficiency in the Sxl locus and the survival rate of the  
progeny was quantified for both sexes. Females lacking one wild-
type copy of both Ime4 and Sxl had severely reduced survival, while  
males were unaffected (Extended Data Fig. 9d). This effect probably 
arises from impairment of the dosage compensation pathway. Thus, 
these findings indicate that Ime4 interacts with Sxl to control female 
survival.

Loss of YT521-B resembles m6A phenotypes
Given that YT521-B specifically recognizes m6A and influences most 
m6A-dependent splicing events in S2R+ cells, we investigated whether 
its deletion in vivo mimics the knockout of members of the methyl-
transferase complex. A deletion in the YT521-B locus that disrupts 
expression of both YT521-B isoforms was generated (Extended Data 
Fig. 7c). Similar to Ime4 and dMettl14 mutants, YT521-B mutant flies 
survive until adulthood but exhibit flight defects and poor locomotion 
(Fig. 3b, c and Extended Data Fig. 6e). Comparison of the transcrip-
tome of Ime4-knockout with YT521-B-knockout female flies identified 
397 splicing events regulated by Ime4 and, among those, 243 (61% of 
Ime4-affected events) are also regulated by YT521-B (Extended Data 
Fig. 9e, f), indicating a similar overlap as from S2R+ cells. While alter-
native 5′ splice site usage is not specifically enriched in vivo, intron 
retention is still overrepresented (Extended Data Fig. 9g). Notably, 
loss of YT521-B also leads to the male-specific splicing of Sxl, tra and 
msl-2 and to the decrease of the female-specific Sxl isoform in females  
(Fig. 4b, c and Extended Data Fig. 9b, c). Collectively, these experi-
ments strongly suggest that the m6A methyltransferase complex regu-
lates adult locomotion and sex determination primarily via YT521-B 
binding to m6A.

Nito is a novel component of the m6A complex
To investigate the mechanisms of YT521-B-mediated splicing con-
trol, we searched for specific interacting partners using stable isotope 
labelling with amino acids in cell culture (SILAC)-based quantitative 
proteomics upon immunoprecipitation of a Myc-tagged YT521-B 
protein from S2R+ cells. We identified 73 factors that show more 
than twofold enrichment in the YT521-B–Myc sample (Extended 
Data Fig. 10a and Supplementary Table 8). Almost half (n = 30) are 
predicted mRNA-binding proteins. To investigate whether some of 
these mRNA-binding proteins regulate m6A-dependent splicing, we 
depleted them in S2R+ cells and assessed the effects on fl(2)d splicing. 
Notably, three proteins, Hrb27C, Qkr58E-1 and Nito, were found to 
similarly control fl(2)d splicing (Extended Data Fig. 10b). Expanding 
this analysis to six additional m6A-regulated splicing events reveals 
that Hrb27C and Qkr58E-1 regulate only a subset, while loss of Nito 
consistently leads to similar splicing defects as observed upon deple-
tion of YT521-B and members of the methyltransferase complex  
(Fig. 5a and Extended Data Fig. 10c–f). To get further insights into the 
interplay between YT521-B and the three mRNA-binding proteins, 
we performed co-immunoprecipitation experiments. While Qkr58E-1 
interacts with YT521-B in an RNA-independent fashion, interactions 
with Hrb27C and Nito could not be reproduced (Extended Data  
Fig. 10g, h and data not shown). However, we found that Nito inter-
acts with both Fl(2)d and Ime4 independently of the presence of RNA  
(Fig. 5b). These findings indicate that Nito might be a component of the 
methyltransferase complex. Accordingly, nito mRNA expression corre-
lates with m6A levels during development (Extended Data Fig. 10i) and 
Nito knockdown leads to a severe m6A decrease (Fig. 5c). This decrease 
is not an indirect consequence of reduced levels of methyltransferase 
complex components upon Nito knockdown (Extended Data Fig. 10j). 
Finally, YT521-B binding to mRNA depends on the presence of Nito 
(Fig. 5d). Collectively, these results demonstrate that Nito is a bona fide 
member of the m6A methyltransferase complex.

Discussion
Components of the methyltransferase complex were shown to be 
essential during early development of various organisms. In contrast 
to these studies, our analysis argues against a vital role for Ime4 in 
Drosophila as both our deletion alleles give rise to homozygous adults 
without prominent lethality during development. This cannot be 
explained by compensation via dMettl14, as its knockout produces 
similar effects as the Ime4 knockout. Furthermore, depleting both 
genes only slightly intensifies the locomotion phenotype without 
affecting fly survival, supporting the idea that Ime4 and dMettl14 act 
together to regulate the same target genes. Accordingly, loss of either 
component in vivo dramatically affects stability of the other (Extended 
Data Fig. 1i).

Loss of function of either of the methyltransferases produces severe 
behavioural defects. All of them can be rescued by specific expres-
sion of Ime4 cDNA in the nervous system of Ime4 mutants, indicating 
neuronal functions. This is consistent with the substantial enrichment 
of m6A and its writer proteins in the embryonic neuroectoderm, as 
well as with the affected genes upon depletion in S2R+ cells. Our 
analyses further reveal notable changes in the architecture of NMJs, 
potentially explaining the locomotion phenotype. In the mouse, m6A is 
enriched in the adult brain5, whereas in zebrafish, METTL3 and WTAP 
show high expression in the brain region of the developing embryo19. 
Furthermore, a crucial role for the mouse m6A demethylase FTO in the 
regulation of the dopaminergic pathway was clearly demonstrated22. 
Thus, together with previous studies, our work reveals that m6A RNA 
methylation is a conserved mechanism of neuronal mRNA regulation 
contributing to brain function.

We find that Ime4 and dMettl14 also control the splicing of the Sxl 
transcript, encoding for the master regulator of sex determination in 
Drosophila. This is in agreement with the previously demonstrated 
roles of Fl(2)d and Vir in this process38,39. However, in contrast to these 
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mutants, mutants for Ime4, dMettl14 and YT521-B are mostly viable, 
ruling out an essential role in sex determination and dosage compensa-
tion. Only when one copy of Sxl is removed, Ime4 mutant females start 
to die. Notably, m6A effect on Sxl appears more important in the brain 
compared to the rest of the organism, possibly allowing fly survival in 
the absence of this modification.

Our targeted screen identifies Nito as a bona fide methlytransferase 
complex subunit. The vertebrate homologue of Nito, RBM15, was 
recently shown to affect XIST gene silencing via recruitment of the 
methyltransferase complex to XIST RNA, indicating that its role in m6A 
function and dosage compensation is conserved40. In summary, this 
study provides a comprehensive in vivo characterization of m6A biogen-
esis and function in Drosophila, demonstrating the crucial importance 
of the methyltransferase complex in controlling neuronal functions and 
fine-tuning sex determination via its nuclear reader YT521-B.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Drosophila stocks and genetics. Drosophila melanogaster w1118, Canton-S and 
Oregon-R were used as wild-type controls. Other fly stocks used were tub-GAL4, 
elavC155-GAL4, how24B-GAL4, Df(3R)Exel6197, Df(2L)BSC200/Cyo, Df(3L)
Exel6094 (Bloomington Drosophila Stock Center). UAS-Ime4-HA/Cyo flies were 
generated by injection of UAS Ime4–HA vector at Bestgene. Mutant alleles for 
Ime4, dMettl14, fl(2)d and YT521-B were generated using the CRISPR–Cas9 
system following the previously described procedure41. Two independent guide 
RNAs (gRNAs) per gene were designed using the gRNA design tool: http://www. 
crisprflydesign.org/ (Supplementary Table 9). Oligonucleotides were annealed and 
cloned into pBFv-U6.2 vector (National Institute of Genetics, Japan). Vectors were 
injected into embryos of y2 cho2 v1; attP40(U6.2-w-ex3-2) flies. Positive recombinant 
males were further crossed with y2 cho2 v1; attP40(nos-Cas9)/CyO females. Males 
carrying nos-Cas9 and U6-gRNA transgenes were screened for the expected dele-
tion and further crossed with the balancer strain AptXa/CyoGFP-TM6c. Ime4Δcat 
allele was obtained using gRNA sequences (GGACTCTTTCCGCGCTACAG 
and GGCTCACACGGACGAATCTC). A deletion of 569 bp (607–1,175 bp 
in the genome region chr3R:24032157..24034257, genome assembly BDGP 
release 6) was produced. Ime4null allele was obtained using gRNA sequences 
(GGCCCTTTTAACGTTCTTGA and GGCTCACACGGACGAATCTC) 
and produced a deletion of 1,291 bp (1,876–3,166 bp in the genome region 
chr3R:24030157..24034257). dMettl14fs allele was obtained using gRNA sequences 
(GGTTCCCTTCAGGAAGGTCG and GGACCAACATTAACAAGCCC) and 
produced a 2-nucleotide frame shift at position 227 of the coding sequence, 
leading to a premature stop codon at amino acid position 89. YT521-BΔN allele 
was obtained using gRNA sequences (GGCATTAATTGTGTGGACAC and 
GGCTGTCGATCCTCGGTATC) and produced a deletion of 602 bp (133–734 bp 
in the genome region chr3L:3370451..3374170 (reverse complemented)).
Phylogenetic analysis. The phylogenetic trees were constructed with ClustalX42 
from multiple sequence alignments generated with MUSCLE43 of the Drosophila 
sequences with homologues from representative species.
Cell line. Drosophila S2R+ are embryonic-derived cells obtained from Drosophila 
Genomics Resource Center (DGRC; FlyBase accession FBtc0000150). The  
presence of Mycoplasma contamination was not tested.
Cloning. The plasmids used for immunohistochemistry and co-immunoprecipita-
tion assays in Drosophila S2R+ cells were constructed by cloning the correspond-
ing cDNA in the pPAC vector44 with N-terminal Myc tag and the Gateway-based 
vectors with N-terminal Flag–Myc tag (pPFMW) as well as C-terminal HA 
tag (pPWH) (obtained from Drosophila Genomics Resource Center at Indiana 
University).
Climbing test. Two-to-three-day-old flies were gender-separated and placed into 
measuring cylinders to assess their locomotion using the climbing assay reported 
previously45. Flies were tapped to the bottom and the number of flies that climb 
over the 10 cm threshold in 10 s interval were counted. Ten female flies were used 
per experiment and six independent measurements were performed.
Staging. Staging experiment was performed using Drosophila melanogaster w1118 
flies that were kept in a small fly cage at 25 °C. Flies laid embryos on big apple juice 
plates that were exchanged every 2 h. Before each start of collection, 1 h pre-laid 
embryos were discarded to remove all retained eggs and embryos from the collec-
tion. All the resultant plates with embryos of 1 h or 2 h lay were further incubated 
at 25 °C between 0 h and 20 h, with 2 h increments, to get all embryonic stages. 
For the collection of larval stages, L1 larvae (~30 larvae/stage) were transferred 
onto a new apple juice plate and were further incubated at 25 °C till they reached 
a defined age (24 to 110 h, 2 h intervals). Similarly, pupal stages were obtained by 
the transfer of L3 larvae (~30/stage) in a fresh vial, that were kept at 25 °C and left 
to develop into defined stage between 144 and 192 h in 2 h increments. One-to-
three-day-old adults were collected and gender separated. Heads and ovaries from 
50 females were also collected. A total of three independent samples were collected 
for each Drosophila stage as well as for heads and ovaries. Samples from the staging 
experiment were used for RNA extraction to analyse m6A abundance in mRNA 
and expression levels of different transcripts during Drosophila development.
RNA isolation and measurement of RNA levels. Total RNA from S2R+ cells was 
isolated using Trizol reagent (Invitrogen) and DNA was removed with DNase-I 
treatment (NEB). mRNA was purified with Oligotex mRNA Kit (Qiagen) or by 
using two rounds of purification with Dynabeads Oligo (dT)25 (Invitrogen). 
cDNA for RT–qPCR was prepared using M-MLV Reverse Transcriptase (Promega) 
and transcript levels were quantified using Power SYBR Green PCR Master Mix 
(Invitrogen) and the oligonucleotides indicated in Supplementary Table 9.

For RNA isolation from fly heads, 20 female flies were collected in 1.5 ml 
Eppendorf tubes and flash frozen in liquid nitrogen. Heads were first removed 
from the body by spinning the flies on vortex and then collected via the 0.63 mm 
sieve at 4 °C. Fly heads were homogenized using a pestle and total RNA was isolated 

with Trizol reagent. DNA was removed by DNase-I treatment and RNA was further 
purified using RNeasy Kit (Qiagen). RNA from adult flies and dissected ovaries was 
prepared as described earlier by skipping the head separation step.
RT–PCR. Two-to-three-day-old flies were collected and their RNA isolated as 
described earlier. Following cDNA synthesis PCR was performed using the oli-
gonucleotides described in Supplementary Table 9 to analyse Sxl, tra and msl-2 
splicing.
RNA in situ hybridization. For in situ hybridization Drosophila melanogaster w1118 
flies were kept at 25 °C in conical flasks with apple juice agar plates and embryos 
were collected every 24 h. Embryos were transferred in a sieve and dechorionated 
for 2 min in 50% sodium hypochloride. After 5 min wash in water, embryos were 
permeabilized with PBST (0.1% Tween X-100 in PBS) for 5 min. Embryos were 
transferred in 1:1 mixture of heptane (Sigma) and 8% formaldehyde (Sigma) and 
fixed for 20 min with constant shaking at room temperature. After fixation the 
lower organic phase was removed and 1 volume of MeOH was added to the aqueous  
phase containing fixed embryos. Following 5 min of extensive shaking all liquid 
was removed and embryos were washed 3 times with 100% MeOH. At this point 
embryos were stored at −20 °C or used for further analysis. For in situ hybridization 
MeOH was gradually replaced with PBST with 10 min washes and with three final 
washes in PBST. Embryos were further washed for 10 min at room temperature 
with 50% HB4 solution (50% formamide, 5× SSC, 50 μg/ml heparin, 0,1% Tween, 
5 mg/ml torula yeast extract) diluted in PBST. Blocking was performed with HB4 
solution, first for 1 h at room temperature and next for 1 h at 65 °C. In situ probes 
were prepared with DIG RNA labelling Kit (Roche) following the manufacturer’s 
protocol. Two microlitres of the probe were diluted in 200 μl of HB4 solution, 
heated up to 65 °C to denature the RNA secondary structure and added to blocked 
embryos for further overnight incubation at 65 °C. The next day, embryos were 
washed 2 times for 30 min at 65 °C with formamide solution (50% formamide, 
1× SSC in PBST) and further 3 times for 20 min at room temperature with PBST. 
Embryos were then incubated with anti-DIG primary antibody (Roche) diluted 
in PBST (1:2,000) for 2 h at room temperature and later washed 5 times for 30 min 
with PBST. In order to develop the staining, embryos were rinsed with AP buffer 
(100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween) and incubated 
with NBT/BCIP solution in AP buffer (1:100 dilution) until the intense staining 
was observed. Reaction was stopped with several 15 min PBST washes. Prior to 
mounting, embryos were incubated in 20% glycerol and later visualized on Leica 
M205-FA stereomicroscope.
YT521-B RNA immunoprecipitation. S2R+ cells were depleted for the indi-
cated proteins with two treatments of double-stranded RNA (dsRNA). Four 
days after treatment Myc-tagged YT521-B was transfected along with the con-
trol Myc construct. Seventy-two hours after transfection, cells were fixed with 
1% formaldehyde at room temperature for 10 min and harvested as described 
previously46. Extracted nuclei were subjected to 13 cycles of sonication on a  
bioruptor (Diagnode), with 30 s “ON”/“OFF” at high settings. Nuclear extracts 
were incubated overnight with 4 μg of anti-Myc 9E10 antibody (Enzo Life 
Sciences). Immunoprecipitation was performed as described previously46 except 
that samples were DNase-treated (NEB) instead of RNase-treated and subjected 
to proteinase K treatment for reversal of crosslinks, 1 h at 65 °C. RNase inhibitors 
(Murine RNase Inhibitor, NEB) were used in all steps of the protocol at a con-
centration of 40 U/ml.
Generation of antibodies. Antibodies against Ime4 and dMettl14 were generated 
at Eurogentec. For anti-Ime4 sera guinea pig was immunized with a 14 amino- 
acid-long peptide (163–177 amino acids (AA)); for anti-dMettl14 sera rabbit was 
immunized with a 14 amino acid-long peptide (240–254 AA). Both serums were 
affinity-purified using peptide antigens crosslinked to sepharose columns.
Immunostaining. For ovary immunostaining, ovaries from 3–5-day-old females 
were dissected in ice-cold PBS and fixed in 5% formaldehyde for 20 min at room 
temperature. After a 10 min wash in PBT1% (1% Triton X-100 in PBS), ovaries 
were further incubated in PBT1% for 1 h at room temperature. Ovaries were then 
blocked with PBTB (0.2% Triton, 1% BSA in PBS) for 1 h at room temperature 
and later incubated with the primary antibodies in PBTB overnight at 4 °C: rabbit 
anti-Vasa, 1:250 (gift from Lehmann laboratory), mouse anti-ORB 1:30 (#6H4 
DSHB). The following day, ovaries were washed 2 times for 30 min in PBTB and 
blocked with PBTB containing 5% donkey serum (Abcam) for 1 h at room tem-
perature. Secondary antibody was added later in PBTB with donkey serum and 
ovaries were incubated for 2 h at room temperature. Five washing steps of 30 min 
were performed with 0.2% Triton in PBT and ovaries were mounted onto slides 
in Vectashield (Vector Labs).

For NMJ staining, third instar larvae were dissected in calcium free HL-3 saline 
and fixed in 4% paraformaldehyde in PBT (PBS + 0.05% Triton X-100). Larvae 
were then washed briefly in 0.05% PBT for 30 min and incubated overnight at 
4 °C with the following primary antibodies: rabbit anti-synaptotagmin, 1:2,000  
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(ref. 47); mouse anti-DLG, 1:100 (#4F3, DSHB); TRITC-conjugated anti-HRP, 
1:200 (Jackson ImmunoResearch). Secondary antibodies conjugated to Alexa-488 
(goat anti-rabbit, Jackson ImmunoResearch) and Alexa-647 (goat anti-mouse, 
Jackson ImmunoResearch) were used at a concentration of 1:200 and incubated at 
room temperature for 2 h. Larvae were finally mounted in Vectashield.

For staining of Drosophila S2R+ cells, cells were transferred to the poly-lysine 
pre-treated 8-well chambers (Ibidi) at the density of 2 × 105 cells/well. After 30 min, 
cells were washed with 1× DPBS (Gibco), fixed with 4% formaldehyde for 10 min 
and permeabilized with PBST (0.2% Triton X-100 in PBS) for 15 min. Cells were 
incubated with mouse anti-Myc (1:2000; #9E10, Enzo) in PBST supplemented 
with 10% of donkey serum at 4 °C, overnight. Cells were washed 3× for 15 min 
in PBST and then incubated with secondary antibody and 1× DAPI solution in 
PBST supplemented with 10% of donkey serum for 2 h at 4 °C. After three 15 min 
washes in PBST, cells were imaged with Leica SP5 confocal microscope using ×63 
oil immersion objective.
NMJ analysis. Images from muscles 6–7 (segment A3) were acquired with a Leica 
Confocal Microscope SP5. Serial optical sections at 512 × 512 or 1,024 × 1,024 
pixels were obtained at 0.38 μm with the ×63 objective. Different genotypes were 
processed simultaneously and imaged using identical confocal acquisition param-
eters for comparison. Bouton number was quantified in larval abdominal segment 
A3, muscles 6 and 7, of wandering third instar larvae. ImageJ software (version 
1.49) was used to measure the area of the synaptotagmin-positive area.
Cell culture, RNA interference and transfection. Drosophila S2R+ cells were 
grown in Schneider`s medium (Gibco) supplemented with 10% FBS (Sigma) and 
1% penicillin–streptomycin (Sigma). For RNA interference (RNAi) experiments, 
PCR templates for the dsRNA were prepared using T7 megascript Kit (NEB). 
dsRNA against bacterial β-galactosidase gene (lacZ) was used as a control for all 
RNA interference (RNAi) experiments. S2R+ cells were seeded at the density of 
106 cells/ml in serum-free medium and 7.5 μg of dsRNA was added to 106 cells. 
After 6 h of cell starvation, serum supplemented medium was added to the cells. 
dsRNA treatment was repeated after 48 and 96 h and cells were collected 24 h after 
the last treatment. Effectene (Qiagen) was used to transfect vector constructs in all 
overexpression experiments following the manufacturer`s protocol.
Co-immunoprecipitation assay and western blot analysis. For the co-immu-
noprecipitation assay, different combinations of vectors with indicated tags were 
co-transfected in S2R+ cells seeded in a 10 cm cell culture dish as described earlier. 
Forty-eight hours after transfection cells were collected, washed with DPBS and 
pelleted by 10 min centrifugation at 400g. The cell pellet was lysed in 1 ml of lysis 
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% NP-40) supplemented with 
protease inhibitors (1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 μg/ml aprotinin and 
1 mM PMSF) and rotated head-over-tail for 30 min at 4 °C. Nuclei were collected 
by 10 min centrifugation at 1,000g at 4 °C re-suspended in 300 μl of lysis buffer 
and sonicated with 5 cycles of 30 s ON, 30 s OFF low power setting. Cytoplasmic 
and nuclear fractions were joined and centrifuged at 18,000g for 10 min at 4 °C to 
remove the remaining cell debris. Protein concentrations were determined using 
Bradford reagent (BioRad). For immunoprecipitation, 2 mg of proteins were incu-
bated with 7 μl of anti-Myc antibody coupled to magnetic beads (Cell Signaling) in 
lysis buffer and rotated head-over-tail overnight at 4 °C. The beads were washed 
3 times for 15 min with lysis buffer and immunoprecipitated proteins were eluted 
by incubation in 1× NuPAGE LDS buffer (ThermoFischer) at 70 °C for 10 min. 
Eluted immunoprecipitated proteins were removed from the beads and DTT was 
added to 10% final volume. Immunoprecipitated proteins and input samples were 
analysed by western blot after incubation at 70 °C for additional 10 min.

For western blot analysis, proteins were separated on 7% SDS–PAGE gel and 
transferred on Nitrocellulose membrane (BioRad). After blocking with 5% milk in 
PBST (0.05% Tween in PBS) for 1 h at room temperature, the membrane was incu-
bated with primary antibody in blocking solution overnight at 4 °C. Primary anti-
bodies used were: mouse anti-Myc 1:2,000 (#9E10, Enzo); mouse anti-HA 1:1,000 
(#16B12, COVANCE); mouse anti-Tubulin 1:2,000 (#903401, Biolegend); guinea 
pig anti-Ime4 1:500 and rabbit anti-dMettl14 1:250. The membrane was washed  
3 times in PBST for 15 min and incubated 1 h at room temperature with secondary 
antibody in blocking solution. Protein bands were detected using SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Scientific).
In vitro pull-down assay. S2R+ cells were transfected with either Myc–YT521-B 
of Myc–GFP constructs. Forty-eight hours after transfection cells were collected, 
washed with PBS and pelleted by centrifugation at 400g for 10 min. The cell pellet 
was lysed and processed in 1 ml of pull-down lysis buffer (10 mM Tris-HCl, pH 
7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Triton-X100, 0.5 mM DTT). For individual  
pull-down, 1.5 mg of protein were incubated with either 3 μg of biotinylated 
RNA probe of bPRL containing m6A or not, or without probe, as a control in 
0.5 ml of pull-down buffer supplemented with protease inhibitor mix and 10 U 
of Murine RNase Inhibitor (NEB) and incubated for 2 h at 4 °C. Five microlitres 

of Streptavidin beads (M-280, Invitrogen) were added and pull-down samples 
were incubated for an additional 1 h at 4 °C. After 3 washes of 15 min with pull-
down buffer, beads were re-suspended in 400 μl of pull-down buffer. One-hundred 
microlitres was were used for RNA isolation and dot blot analysis of recovered RNA 
probes with anti Strep-HRP. The remaining 300 μl of the beads was collected on the 
magnetic rack and immunoprecipitated proteins were eluted by incubation in 1× 
SDS buffer (ThermoFischer) at 95 °C for 10 min. Immunoprecipitated proteins as 
well as input samples were analysed by western blot.
Dot blot assays. Serial dilutions of biotinylated RNA probe of bPRL containing 
m6A or A were spotted and crosslinked on nitrocellulose membrane (Biorad) with 
ultraviolet 245 light (3 × 150 mJ/cm2). RNA loading was validated with methylene 
blue staining. Membranes were blocked with 5% milk in PBST for 1 h at room 
temperature and washed in PBST before incubation with the proteins of interest. 
S2R+ cells were transfected with either Myc–YT521-B or Myc–GFP constructs. 
Forty-eight hours after transfection cells were collected, washed with PBS and 
pelleted by centrifugation at 400g for 10 min. The cell pellet was lysed in 1 ml of lysis 
buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% NP-40). Three milligrams 
of the protein lysate were mixed with 2% BSA in lysis buffer and incubated with 
the membrane overnight at 4 °C. For control dot-blot rabbit anti-m6A antibody 
(Synaptic Systems) was used. The next day membranes were washed 3 times in lysis 
buffer. Membranes with bound proteins were further crosslinked with ultraviolet 
245 light (3 × 150 mJ/cm2) and analysed using anti-Myc antibody.
SILAC experiment and LC–MS/MS analysis. For SILAC experiments, S2R+ 
cells were grown in Schneider medium (Dundee Cell) supplemented with either 
heavy (Arg8, Lys8) or light amino acids (Arg0, Lys0) (Sigma). For the forward 
experiment, Myc–YT521-B was transfected in heavy-labelled cells and Myc-alone 
in light-labelled cells. The reverse experiment was performed vice versa. The  
co-immunoprecipitation experiment was done as described earlier. Before elution, 
beads of the heavy and light lysates were combined in 1:1 ratio and eluted with 1× 
NuPAGE LDS buffer that was subject to MS analysis as described previously48. 
Raw files were processed with MaxQuant (version 1.5.2.8) and searched against 
the Uniprot database of annotated Drosophila proteins (Drosophila melanogaster: 
41,850 entries, downloaded 8 January 2015).
LC–MS/MS analysis of m6A levels. mRNA samples from S2R+ cells depleted 
for the indicated proteins or from Drosophila staging experiments were prepared 
following the aforementioned procedure. Three-hundred nanograms of purified 
mRNA was further digested using 0.3 U Nuclease P1 from Penicillum citrinum 
(Sigma-Aldrich, Steinheim, Germany) and 0.1 U Snake venom phosphodiesterase 
from Crotalus adamanteus (Worthington, Lakewood, USA). RNA and enzymes 
were incubated in 25 mM ammonium acetate, pH 5, supplemented with 20 μM 
zinc chloride for 2 h at 37 °C. Remaining phosphates were removed by 1 U FastAP 
(Thermo Scientific, St Leon-Roth, Germany) in a 1 h incubation at 37 °C in the 
manufacturer supplied buffer. The resulting nucleoside mix was then spiked with 
13C stable isotope labelled nucleoside mix from Escherichia coli RNA as an internal 
standard (SIL-IS) to a final concentration of 6 ng/μl for the sample RNA and 10 ng/μl  
for the SIL-IS. For analysis, 10 μl of the before mentioned mixture were injected 
into the LC–MS/MS machine. Generation of technical triplicates was obligatory. 
All mRNA samples were analysed in biological triplicates, except for the ctr, nito, 
vir, hrb27C and qkr58E-1 knockdown samples, which were measured as biological 
duplicates.

LC separation was performed on an Agilent 1200 series instrument, using 5 mM 
ammonium acetate buffer as solvent A and acetonitrile as buffer B. Each run started 
with 100% buffer A, which was decreased to 92% within 10 min. Solvent A was 
further reduced to 60% within another 10 min. Until minute 23 of the run, solvent  
A was increased to 100% again and kept at 100% for 7 min to re-equilibrate 
the column (Synergi Fusion, 4 μM particle size, 80 Å pore size, 250 × 2.0 mm, 
Phenomenex, Aschaffenburg, Germany). The ultraviolet signal at 254 nm was 
recorded via a DAD detector to monitor the main nucleosides.

MS/MS was then conducted on the coupled Agilent 6460 Triple Quadrupole 
(QQQ) mass spectrometer equipped with an Agilent JetStream ESI source 
which was set to the following parameters: gas temperature, 350 °C; gas flow,  
8 l/min; nebulizer pressure, 50 psi; sheath gas temperature, 350 °C; sheath gas flow,  
12 l/min; and capillary voltage, 3,000 V. To analyse the mass transitions of the 
unlabelled m6A and all 13C m6A simultaneously, we used the dynamic multiple 
reaction monitoring mode. Mass transitions, retention times and QQQ parameters 
are listed in Supplementary Table 10.

The quantification was conducted as described previously49. Briefly, the amount 
of adenosine was evaluated by the external linear calibration of the area under the 
curve (AUC) of the ultraviolet signal. The amount of modification was calculated 
by linear calibration of the SIL-IS in relation to m6A nucleoside. The R2 of both cali-
brations was at least 0.998 (see Extended Data Fig. 1a, b). Knowing both amounts, 
the percentage of m6A/A could be determined.
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MeRIP. MeRIP was performed using the previously described protocol50 with the 
following modifications. Eight micrograms of purified mRNA from Drosophila 
S2R+ cells was incubated with 5 μg of anti-m6A antibody (Synaptic Systems) in 
MeRIP buffer (150 mM NaCl, 10 mM Tris-HCl pH 7.4, 0.1% NP-40) supplemented 
with 5 U/ml of Murine RNase inhibitor (NEB) for 2 h at 4 °C. In control MeRIP 
experiment, no antibody was used in the reaction mixture. Five microlitres of A+G 
magnetic beads were added to all MeRIP samples for 1 h at 4 °C. On bead digestion 
with RNase T1 (Thermo Fisher) at final concentration 0.1 U/ml was performed 
for 15 min at room temperature. Beads with captured RNA fragments were then 
immediately washed 3 times with 500 μl of ice-cold MeRIP buffer and further 
eluted with 100 μl of elution buffer (0.02 M DTT, 150 mM NaCl, 50 mM Tris-HCl 
pH 7.4, 1 mM EDTA, 0.1% SDS, 5 U/ml Proteinase K) at 42 °C for 5 min. Elution 
step was repeated 4 times and 500 μl of acidic phenol/chloroform pH 4.5 (Ambion) 
was added to 400 μl of the combined eluate per sample to extract captured RNA 
fragments. Samples were mixed and transferred to Phase Lock Gel Heavy tubes 
(5Prime) and centrifuged for 5 min at 12,000g. Aqueous phase was precipitated 
overnight, −80 °C. On the following day, samples were centrifuged, washed 
twice with 80% EtOH and re-suspended in 10 μl of RNase-free H2O (Ambion). 
Recovered RNA was analysed on RNA Pico Chip (Agilent) and concentrations 
were determined with RNA HS Qubit reagents. Since no RNA was recovered in 
the MeRIP control samples, libraries were prepared with 30 ng of duplicate MeRIPs 
and duplicate input mRNA samples. MeRIP-qPCR was performed on the frac-
tion of eluted immunoprecipitated RNA and an equal amount of input mRNA. 
cDNA for RT–qPCR was prepared using M-MLV Reverse Transcriptase (Promega) 
and transcript levels were quantified using Power SYBR Green PCR Master Mix 
(Invitrogen) using oligonucleotides indicated in Supplementary Table 9.
Lifespan assay. For lifespan assay, 2–3-day-old flies were gender-separated and 
kept at 25 °C in flasks with apple juice medium (<20 flies/tube). Number of flies 
tested: females (37, Ime4Δcat/Ime4Δcat; 57, Tubulin-GAL4/UAS-Ime4); males  
(33, Ime4Δcat/Ime4Δcat; 41, Tubulin-GAL4/UAS-Ime4). To monitor their survival 
rate over time, flies were counted and transferred into a new tube every 2 days.
Buridan paradigm. Behavioural tests were performed on 2–5-day-old females 
with Canton-S as wild-type control. Wings were cut under cold anaesthesia to 
one-third of their length on the evening before the experiment. Walking and  
orientation behaviour was analysed using Buridan’s paradigm as described36. Dark 
vertical stripes of 12° horizontal viewing angle were shown on opposite sides of an 
85-mm diameter platform surrounded by water. The following parameters were 
extracted by a video-tracking system (5 Hz sampling rate): total fraction of time 
spent walking (activity), mean walking speed taken from all transitions of a fly 
between the visual objects, and number of transitions between the two stripes. 
The visual orientation capacity (mean angular deviation) of the flies was assessed 
by comparing all 0.2-s path increments per fly (4,500 values in 15 min) to the 
respective direct path towards the angular-wise closer of the two dark stripes. All 
statistical groups were tested for normal distribution with the Shapiro–Wilk test. 
Multiple comparisons were performed using the Kruskal–Wallis ANOVA or one-
way ANOVA with a post-hoc Bonferroni correction. n = 15 for all genotypes. The 
sample size was chosen based on a previous study51 and its power was validated 
with result analysis. Blinding was applied during the experiment.
RNA-seq. For samples from S2R+ cells and for full fly RNA samples, Ilumina 
TruSeq Sequencing Kit (Illumina) was used. For Drosophila head samples, 
NEBNext Ultra Directional RNA Kit (NEB) was used. Libraries were prepared 
following the manufacturer`s protocol and sequenced on Illumina HiSeq 2500. 
The read-length was 71 bp paired end. For MeRIP, NEBNext Ultra Directional Kit 
was used omitting the RNA fragmentation step for recovered MeRIP samples and 
following the manufacturer’s protocol for input samples. Libraries were sequenced 
on an Illumina MiSeq as 68 bp single read in one pool on two flow cells.
Computational analysis. The RNA-seq data was mapped against the Drosophila 
genome assembly BDGP6 (Ensembl release 79) using STAR52 (version 2.4.0). After 
mapping, the bam files were filtered for secondary alignments using samtools 
(version 1.2). Reads on genes were counted using htseq-count (version 0.6.1p1). 
After read counting, differential expression analysis was done between conditions 
using DESeq2 (version 1.6.3) and filtered for a false discovery rate (FDR) < 5%. 
Differential splicing analysis was performed using rMATS (3.0.9) and filtered  
for FDR < 10%. The data from fly heads were treated as above but cleaned for 

mitochondrial and rRNA reads after mapping before further processing. The sam-
ple Ime4hom_3 was excluded as an outlier from differential expression analysis.

The MeRIP-seq data were processed following the same protocol as the RNA 
samples for mapping and filtering of the mapped reads. After mapping, peaks were 
called using MACS (version 1.4.1)53. The genome size used for the MACS was 
adjusted to reflect the mappable transcriptome size based on Ensembl-annotated 
genes (Ensembl release 79). After peak calling, peaks were split into subpeaks 
using PeakSplitter (version 1.0, http://www.ebi.ac.uk/research/bertone/software). 
Consensus peaks were obtained by intersecting subpeaks of both replicates (using 
BEDTools, version 2.25.0). For each consensus peak, the coverage was calculated 
as counts per million (CPM) for each of the samples and averaged for input and 
MeRIP samples. Fold changes for MeRIP over input were calculated based on these. 
Peaks were filtered for a minimal fold change of 1.3 and a minimal coverage of  
3 CPM in at least one of the samples. Peaks were annotated using the ChIPseeker 
and the GenomicFeatures package (based on R/Bioconductor)54.
Statistics. In the Buridan paradigm, normality was tested for every dataset; differ-
ent tests were used depending on the outcome. For not normally distributed data, 
Kruskal–Wallis test and Wilcoxon test were used. For normally distributed data, 
Bartlett test was applied to check for homogeneity of variances. ANOVA and t-test 
were used. Bonferroni corrections were applied. For climbing assays, normality was 
tested for every dataset. Homogeneity of variances were analysed with Levene’s 
test. One-way ANOVA test with Tukey’s post-hoc test was performed for multiple 
comparisons and Student’s t-test when two data sets were compared. For m6A level 
measurement, normality was tested for every dataset. Homogeneity of variances 
were analysed with Levene’s test. One-way ANOVA test with Tukey’s post-hoc test 
was performed for multiple comparisons.
Randomization. Randomization was used for selection of female flies of chosen 
genotype for climbing tests, Buridan paradigm and RNA sequencing experiments. 
Randomized complete block design was applied to ensure the equal number of 
flies per test group. Complete randomization was applied for selection of larvae 
or flies of the chosen genotype for lifespan assay and NMJ staining experiment.
Data availability statement. The data that support the findings of this study have 
been deposited in the NCBI Gene Expression Omnibus (GEO) under accession 
number GSE79297. All other relevant data are available from the corresponding 
author.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | Characterization of the Drosophila m6A 
methyltransferase complex. a, Calibration curve for m6A nucleoside 
versus stable isotope labelled internal standard from digested Escherichia 
coli RNA. Areas under the curve (AUCs) are taken from MS/MS 
chromatograms. Amounts of 1–500 fmol m6A were evaluated.  
b, Calibration curve for external calibration of adenosine (A) nucleoside 
from 2–500 pmol. AUCs are extracted from chromatograms generated by 
ultraviolet detection. c, Phylogenetic analysis of METTL3 homologues. 
Each Drosophila (D.m) sequence clusters with the corresponding human 
(H.s), Danio rerio (D.r) and fungal orthologue. Fungi probably lost 
ancestral versions of individual methyltransferases with these families, 
with Schizosaccharomyces pombe (S.p) keeping only one orthologue 
(METTL4) and Saccharomyces cerevisiae (S.c) keeping the two other 
(METTL3 and METTL14). METTL3, METTL14 and METTL4 
orthologues are indicated in green, blue and purple, respectively. 
See Methods for details about the tree construction. d, Box plots of 
average expression (rpkm) for all genes expressed by at least 1 rpkm in 
different conditions. Red dots indicate the position of m6A components 
in comparison to other expressed genes. Bottom, relative expression 
of target genes upon different knockdowns (KDs). The mean ± s.d. 
of three technical measurements from three biological replicates is 
shown. e, Relative vir mRNA expression and levels of m6A in mRNA 
during Drosophila development. Number of hours post-fertilization for 

different embryo, larval and pupal stages is indicated on the x axis. vir 
expression correlates with m6A levels. The mean ± s.d. of three technical 
measurements from three biological replicates is shown. f, LC–MS/MS  
quantification of m6A levels in either control samples or in mRNA  
extracts depleted for the indicated proteins. Vir depletion affects m6A 
levels to the same extent as Fl(2)d knockdown. The mean ± s.d. of three 
technical measurements from three biological replicates is shown for fl(2)d  
and mean ± s.d. of three technical measurements from two biological 
replicates for vir. g, Co-immunoprecipitation of Myc–Vir with HA–Ime4 
and HA–Fl(2)d. Extracts from S2R+ cells expressing HA-tagged proteins 
either with Myc alone or with Myc–Vir were immunoprecipitated using 
Myc-specific beads. Expression of indicated proteins was monitored by 
western blot analysis using anti-Myc and anti-HA antibodies. RNaseT1 
treatment before immunoprecipitation is indicated at the bottom.  
h, Co-immunoprecipitation studies were carried out with lysates 
prepared from S2R+ cells co-expressing Myc–dMettl14 and HA–Ime4 
upon control (Ctr) or Fl(2)d knockdown. For control experiments, 
S2R+ cells were transfected with Myc alone and HA–Ime4. Lysates 
were immunoprecipitated using anti-Myc antibody and then detected 
with anti-Myc and anti-HA antibodies. Knockdown of Fl(2)d weakens 
the interaction between Ime4 and dMettl14. i, Western blots showing 
Ime4 and dMettl14 protein expression levels in extracts from indicated 
genotypes. Tubulin is used as a loading control.
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Extended Data Figure 2 | m6A quantification, MeRIP-seq validation 
and sequence features of m6A sites in Drosophila mRNA. a, Scatter plot 
of counts per million (CPM) values for intersected MeRIP peaks. The 
peaks have at least a support of 3 CPM in one of the replicates. b, qPCR 

validation of MeRIP peaks. Enrichment is calculated over a negative region 
in the Rpl15 transcript. The mean ± s.d. of three technical measurements 
from two replicates is shown. c, Sequence motifs enriched in a fraction of 
m6A peaks, analysis performed by Homer.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



ARTICLE RESEARCH

Extended Data Figure 3 | Significant fold changes and correspondence 
between biological replicates of RNA-seq data. a, Average versus mean–
difference plots (MA-plots) show the moderated estimation of fold change 
and dispersion for RNA-seq data in the different knockdown conditions 
(adjusted P value < 0.05). The significant values are highlighted in red.  
b, Spearman sample-to-sample correlation based on gene expression 
profiles. c, Spearman sample-to-sample correlation based on splicing 
levels. d, Empirical cumulative distribution function (ECDF) plot of fold 
changes (log2) upon Ime4/dMettl14 double knockdown over control 
separated between m6A targets and non-targets. Values are shown between 
−0.5 and 0.5. The distributions were compared using Wilcoxon rank sum 

test (P value = 9.9 × 10−4). e, Fold change upon Ime4/dMettl14 double 
knockdown versus control separated into genes without m6A peaks 
(non-targets) or containing m6A peaks within the CDS (CDS) or within 
a 300-bp window around the start or stop codon. Only genes considered 
for differential expression testing according to DESeq2 default filters are 
shown. f, Representation of differentially spliced events in the different 
knockdowns. Selection of 5′ alternative splice sites and increase in intron 
retention are the two most enriched classes. Classification of splicing 
changes upon knockdown of the unrelated EJC component eIF4AIII is 
shown for comparison.
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Extended Data Figure 4 | Gene ontology term enrichment analysis. a–e, Significant GO terms (adjusted P value < 0.05) of differentially expressed 
genes in Ime4 knockdown (a), dMettl14 knockdown (b), Fl(2)d knockdown (c), CG6422 knockdown (d) and YT521-B knockdown (e) cells versus 
control S2R+ cells. Analysis was performed using the Bioconductor package of GOstats.
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Extended Data Figure 5 | m6A nuclear components control fl(2)d  
splicing. a, UCSC Genome Browser screenshots of fl(2)d showing 
normalized RNA-seq data from control and indicated knockdown samples 
in S2R+ cells. The gene architecture of fl(2)d is shown at the top, with thin 
blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing 
the CDS, and thin lines representing introns. Exon numbers are indicated 

at the top. Signals are displayed as RPM. b, Usage of different 5′ splice 
sites in exon 1 of fl(2)d transcript and skipping of exon 2 upon different 
knockdowns. Analysis by semi-quantitative RT–PCR using primers in 
exon 1 and 3 (red arrows in the scheme). Quantification is indicated 
underneath the gel. ss1, splice site 1; ss2, splice site 2; ss3, splice site3.
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Extended Data Figure 6 | Characterization of Drosophila YTH 
components. a, Phylogenetic analysis. Sequences from Ustilago hordei  
(a basidiomycota fungi) were used, in the absence of appropriate 
sequences from S. cerevisiae, and worked as outliers for each cluster to 
show the separation between the two major groups. b, Relative expression 
of YT521-B and CG6422 transcripts and levels of m6A in mRNA during 
Drosophila development. Number of hours post-fertilization for different 
embryo, larval and pupal stages is indicated on the x axis. The mean ± s.d. 
of three technical measurements from three biological replicates is shown. 
c, Dot-blot assay using biotinylated probe from prolactin transcripts with 
or without m6A RNA modification. Protein extracts from S2R+ cells 
transfected with either Myc–GFP or Myc–YT521-B were analysed for 
binding specificity to the crosslinked probes. Left, methylene-blue staining 
of crosslinked probes. Right, immunostaining using anti-Myc or anti-m6A 

antibody. YT521-B protein shows the same enrichment to the methylated 
probe as anti-m6A antibody. d, Pull-down using biotinylated m6A probe 
from prolactin transcripts and protein extracts from S2R+ cells transfected 
with either Myc–GFP or Myc–YT521-B. The same probe lacking the 
methylation was used as a negative control. Left, western blot using 
anti-Myc antibody. Right, dot blot using anti-Strep-HRP antibody. The 
binding of Myc–YT521-B is increased with the methylated probe. Three 
independent experiments show similar results. e, Walking behaviour in 
Buridan’s paradigm in heterozygous and transheterozygous YT521-B 
mutants. Left, median angular displacements from the direct approach to 
one of the stripes. Right, median fraction of time spent walking during a 
15 min test period (Kruskal–Wallis analysis of variance with a Bonferroni 
correction). Fifteen female flies per genotype were used in both assays. NS, 
not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Extended Data Figure 7 | Genetic characterization of Ime4, dMettl14 
and YT521-B. a–c, Top, Ime4 (a), dMettl14 (b) and YT521-B (c) loci with  
indicated deletions. Bottom, loss of function for Ime4 and dMettl14 were  
monitored by western blot using respective endogenous antibodies,  
while anti-Tubulin antibody was used as a loading control. To analyse  
YT521-B deletion, PCR using genomic DNA from heterozygous or  
homozygous YT521-BΔN mutant flies was loaded on agarose gel. d, Scheme 
of the dMettl14 protein showing the conserved MT-A70 domain. The 
frameshift position caused by the guide RNA-induced deletions and 
the molecular nature of the allele are indicated below. e, Representative 
confocal images of muscle-6/7 NMJ synapses of abdominal hemisegment 

A2 for the indicated genotypes labelled with anti-DLG (magenta), anti-
Synaptotagmin (green) and HRP (red) to reveal the synaptic vesicles and 
the neuronal membrane. Bottom, quantification of normalized bouton 
number (total number of boutons/muscle surface area (μm2 × 1,000))  
and normalized Synaptotagmin area (total Synaptotagmin-positive 
area (μm2)/muscle surface area (μm2 × 1,000)) of NMJ 6/7 in A3 of 
the indicated genotypes. Error bars show mean ± s.e.m. P values were 
determined with a Student’s t-test. The number of boutons and of active 
zones per boutons are increased upon Ime4 knockout. MSA, muscle 
surface area.
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Extended Data Figure 8 | Ime4 mutant flies have reduced locomotion 
and shortened lifespan but apparent normal ovarian development. 
a, Ovarian immunostaining of indicated genotypes. DAPI (blue) stains 
nucleus, Vasa protein (Vasa) (green) shows the germ cells and Orb protein 
(Orb) (red) the oocyte. Only one oocyte per egg chamber is seen in control 
and mutant ovaries, arguing against encapsulation defects. b, Survival 
curves of adult Drosophila. The lifespan of Ime4Δcat mutant flies (purple) 
and Ime4Δcat mutant flies expressing Ime4 cDNA ubiquitously (green) were 

quantified for both females and males. c, Walking behaviour in Buridan’s 
paradigm in Ime4Δcat mutant flies or Ime4Δcat mutant flies expressing Ime4 
cDNA ubiquitously (Tub-GAL4), in neurons (elav-GAL4) or in muscles 
(24B-GAL4). Left, median angular displacements from the direct approach 
to one of the stripes. Right, median fraction of time spent walking during 
a 15 min test period. Fifteen female flies per genotype. NS, not significant; 
*P < 0.05, **P < 0.01, ***P < 0.001 (Kruskal–Wallis analysis of variance 
with a Bonferroni correction).
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Extended Data Figure 9 | m6A components fine-tune the sex 
determination pathway via YT521-B. a, Quantification of RT–qPCR 
experiments from RNA extracts of whole females using primers spanning 
exons 2 and 4 (top), as well as exons 2 and 3 (bottom) to quantify the 
levels of the Sxl female and male isoforms, respectively. The mean ± s.d. 
of three technical measurements from two biological replicates is shown. 
b, Top, msl-2 genome architecture with thin blue boxes representing the 
5′ and 3′ UTRs, thick blue boxes representing the CDSs and thin lines 
representing introns. Arrowheads display the position of primers used 
for quantification. Bottom, spliced isoforms for msl-2 were monitored by 
RT–PCR and PCR extracts were loaded on agarose gel. The quantification 
of three biological replicates is shown below as mean ± s.d. c, Top, tra 
genome architecture with thin blue boxes representing the 5′ and 3′ UTRs, 

thick blue boxes representing the CDSs and thin lines representing introns. 
Arrowheads display the position of primers used for quantification. 
Bottom, spliced isoforms for tra were monitored by RT–PCR and PCR 
extracts were loaded on agarose gels. The quantification of three biological 
replicates is shown below as mean ± s.d. L, long isoform; S, short isoform. 
d, Table indicating the percentage of males and females hatching for the 
indicated genotypes. Ime4 interacts genetically with Sxl to control female 
survival. e, Bar chart showing the number of differentially spliced genes 
upon knockout (KO) of Ime4 and YT521-B in adult females. f, Venn 
diagram showing the overlap of targets in the indicated knockout. g, Pie 
charts showing distribution of splicing events in the different knockout 
conditions. Intron retention is overrepresented upon knockout of Ime4 
and YT521-B in vivo.
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Extended Data Figure 10 | See next page for caption.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



ARTICLE RESEARCH

Extended Data Figure 10 | RNA interference screen identifies Nito as 
a new member of the methyltransferase complex. a, SILAC-coupled 
mass spectrometry analysis using YT521-B–Myc as a bait. Scatterplot 
of normalized forward versus inverted reverse experiments plotted on a 
log2 scale. The threshold was set to a twofold enrichment (blue dashed 
line). Proteins in the top right quadrant are enriched in both duplicates. 
b, mRNA quantification of fl(2)d isoforms after knockdown of potential 
YT521-B-interacting proteins. Three proteins, Hrb27C, Qkr58E-1 and 
Nito, in addition to m6A components, control fl(2)d splicing in the same 
direction. Data points of three technical replicates are shown. c–f, mRNA 
quantification of m6A-regulated transcripts including Hairless (a),  
Aldh-III (b), CG8929 (c), hts (d) upon knockdown of indicated 
components. Nito controls m6A splicing events. The quantification of 
three technical replicates from two biological experiments is shown as 
mean ± s.d. g, Co-immunoprecipitation studies were carried out with 
lysates prepared from S2R+ cells co-expressing Myc–Qkr58E-1,  
Myc–Hrb27C and HA–YT521-B. For control, S2R+ cells were transfected 

with Myc alone and HA–YT521-B. Myc-containing proteins were 
immunoprecipitated using a Myc antibody and then immunoblotted  
with anti-Myc and anti-HA antibodies. h, Co-immunoprecipitation of 
Myc–Qkr58E-1 with HA–YT521-B with or without RNaseT1. Extracts 
from S2R+ cells expressing HA–YT521-B either with Myc control or 
with Myc–Qkr58E-1 were immunoprecipitated using Myc-specific beads. 
Expression of indicated proteins was monitored by immunoblotting using 
anti-Myc and anti-HA antibodies. i, Relative nito mRNA expression and 
levels of m6A in mRNA during Drosophila development. Number of hours 
post-fertilization for different embryo, larval and pupal stages is indicated 
on the x axis. nito expression correlates with m6A levels. The mean ± s.d. of 
three technical measurements from three biological replicates are shown. 
j, Relative expression of indicated transcripts upon control, Nito and Vir 
knockdown. Vir and Nito knockdowns do not reduce expression of other 
components of the methlytransferase complex. The mean ± s.d. of three 
technical measurements from two biological replicates is shown.
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