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Control of insulin mRNA translation is crucial for energy homeostasis,
but the mechanisms remain largely unknown. We discovered that insulin
mRNAs across invertebrates, vertebrates and mammals feature the modified

base N®-methyladenosine (m°A). In flies, this RNA modification enhances
insulin mRNA translation by promoting the association of the transcript
with polysomes. Depleting m°A in Drosophila melanogaster insulin 2 mRNA
(dilp2) directly through specific 3’ untranslated region (UTR) mutations,
orindirectly by mutating the m°A writer Mett(3, decreases dilp2 protein
production, leading to aberrant energy homeostasis and diabetic-like
phenotypes. Together, our findings reveal adenosine mRNA methylation
as akey regulator of insulin protein synthesis with notable implications for
energy balance and metabolic disease.

m°®A is an abundant internal modification of eukaryotic mRNAs
involved in regulating mRNA stability, turnover and translation'?.
Recentstudies have implicated this pathway in the regulation of energy
homeostasis and the pathogenesis of type 2 diabetes. Specifically,
genetic depletion of m°A levels in mammalian insulin B cells resulted
in higher circulating glucose and diabetic phenotypes®~ and lower
insulin-cell maturationinvitro*; reduced m°A levels were also observed
in the pancreatic B cells of humans with type 2 diabetes®’. Moreover,
insulin biosynthesis is thought to be critically controlled at the trans-
lational level, but the mechanism remains uncharacterized®’. Here, we
took advantage of the ancestral conservation of the m°A (ref. 10) and
insulinsystems ininvertebrates" to identify the molecular mechanisms
through which m°A regulates glucose homeostasis and contributes
to metabolic health.

In fruit flies (Drosophila melanogaster), 14 neuroendocrine cells
in the pars intercerebralis (Fig. 1a) regulate hemolymph glycemia
and energy homeostasis by producing three insulin-like hormones'.
Of these, the Drosophila insulin-like 2 peptide (dilp2), which has the
highest homology to humaninsulin, is necessary and sufficient to regu-
late hemolymph glycemia and fat levels in adult flies""* ™. In line with
this, mutations in the dilp2 gene, or ablation of the insulin-producing
cells, elevate hemolymph sugar and impair metabolic homeostasis,
phenotypesrescued by injection of human insulin . The anatomical
and genetic accessibility of the fly insulin cells makes this a uniquely
suited system to investigate the in vivo function of the m°A pathway
in energy homeostasis.

If the m°A pathway were important for energy balancein flies, we
would expect that mutations in the conserved m®A methyltransferase
writer Mettl3' would increase circulating glucose and fat-to-lean mass
(Fig. 1a). Consistent with this, Mett/3 homozygous loss-of-function
mutants' showed higher fasted circulating sugar levels (Fig. 1b) and
triglycerides than control flies (Fig. 1c). These effects were rescued by
expression of awild-type Mett/3transgene only in the insulin-producing
cells with Dilp2-GAL4 and phenocopied by Metti3 knockdown exclu-
sively in these cells (Fig. 1d-f and Extended Data Fig. 1a). Thus, Mett/3
is specifically required in the fly insulin cells to regulate glucose and
energy homeostasis. Importantly, these effects were not due to devel-
opmental alterations, as knocking down Mett(3 only in posteclosion
adult insulin cells (dilp2>MettI3*"; tubulin-GAL80O") resulted in the
same phenotypes as dilp2>MettI3*"* animals (Extended Data Fig. 1b).

The energy homeostasis phenotypes of Mett[3”" flies are similar
to those observed in dilp2 mutants™; we thus examined the levels of
dilp2 mRNA and protein in MettI3”" animals. We found no changes
in the abundance of dilp2 mRNA between homozygous Mett[3” and
control flies (Extended Data Fig. 2a), or in the mRNAs for dilp3 and
dilp5, the other insulin-like mRNAs produced in these cells (Extended
DataFig.2b,c). However, there was amarked reductionindilp2 protein
in MettI37- mutant flies (Fig. 1g), without accompanying alterationsin
the number and morphology of the insulin cells or the amount of other
dilp hormones (Extended Data Fig. 2d,e). m°A regulates RNA stabil-
ity, turnover and translation in a context-dependent manner?; thus,
lower dilp2 protein levels, in the absence of corresponding changes
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Fig.1|Mettl3is required for glucose balance and energy homeostasis in

the insulin-producing cells. a, Diagram showing the location and anatomy
ofinsulin-producing cells in the fly brain and the methylation of adenosine by
the Mettl3 protein. b, The circulating hemolymph glycemia (n = 6, 5) of fasted
Mett[3”7 and w"CS control flies. P= 0.027. ¢, Triglyceride levels normalized

to protein in male w'’8CS and mutant Metti3”" flies.n=8; P< 0.0001.

d, Triglyceride levels normalized to protein in male flies with cell-specific rescue
of (dilp2>Mettl3) MettI3”~ mutant flies. n = 8 pools of two flies; rescue fliesn = 4.
Two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test.
ns, not significant (0.387). Adjusted P=0.0001. e, The hemolymph glycemia

(n = 6) of starved dilp2>MettI3** and transgenic control flies. P= 0.009.

f, Triglyceride levels normalized to protein in flies with cell-specific knockdown

of Mettl3 (dilp2>MettI3*"*). n = 8 pools of two flies; P < 0.0001. g, Representative
confocal images of immunofluorescence of dilp2 protein in control (w"**CS)
and Mett[3”” mutant flies. Scale bar, 20 um. Quantification of median dilp2
fluorescence (arbitrary units) of individual insulin-producing cells from Mett(3
mutants and w”’CS control flies. n = 15 brains. Male flies were starved for 16 h
prior to dissectionand collected in three independent sets. P < 0.0001.

h, Representative polysome profile from sucrose gradient of control (w™¢CS) and
Mettl3”- mutant fly heads. i, The proportion of dilp2 mRNA in sucrose gradient
fractions 5-12 normalized to spike-in RNA from control (w"*$CS) and Mettl3”~
mutant flies. n =2, 400 heads per sample. Shading represents s.e.m. Unpaired
two-tailed Student’s ¢-test unless otherwise noted. *P < 0.05; **P < 0.005.

in mRNA abundance, could result from deficits in translation. To test
this hypothesis, we fractionated polysomes from the heads of control
and MettI3” mutants and measured the amount of dilp2 transcript
associated with each fraction (Fig.1h,i).In control flies, 89% of the dilp2
mRNAs cosedimented with polysome fractions, suggesting active and
efficient translation (Fig. 1i, gray). Strikingly, this pattern was reversed
in Metti3”" flies, in which only 19% of dilp2 mRNA was found in the
heavier fractions; instead, 80% of this mRNA was associated with early
fractions, representing individual ribosomal subunits and monosomes
(Fig. 1i, green). Thus, m°A is required for the association of the dilp2
mRNA with polysomes and the proper translation of the dilp2 mRNA
into protein. Of note, the 80S ribosome peak was lower in Mett{37 flies,
which could resultinlower translation, as suggested by ref.17 (Fig. 1h).

To understand how Mett/3 mutations decrease dilp2 translation,
we used m°A ultraviolet light-induced crosslinking and immuno-
precipitation (miCLIP) to uncover transcripts marked by m®A in fly
heads'®. The three miCLIP biological replicates demonstrated robust
reproducibility withamean correlation of 0.95 (Extended Data Fig. 3a)
and revealed 4,506 m°®A peaks corresponding to 1,828 genes involved

in brain processes such as development and plasticity (Extended
Data Fig. 3b and Supplementary Data 1). Of these, 58% of transcripts
coincided with those previously detected by m°A-CLIP and m°A RNA
immunoprecipitation (m®A-RIP) in fly heads", including the Syntaxin
1A, aaquetzalli, female lethal d, and pumilio genes (Supplementary
Data1). The majority of m°A peaks were located in the 5 UTR of tran-
scripts, whereas asubstantial smaller fraction appearedinthe 3’ UTR,
particularly in close proximity to the stop codon (Extended Data
Fig. 3c). These peaks were enriched in an RRAC (R, purine) sequence
motif at C-to-T crosslinking-induced mutation sites (CIMS), which
represent m®Asites from CLIP/RIP data'® " (Extended Data Fig. 3d and
Supplementary Data 1). In contrast to mammals®*?, the location of
méAs along the transcript and the modest sequence enrichment are
consistent with previous reports in flies'”".

Among theregions methylated in vivo, we uncovered an m°A peak
in the 3’ UTR of dilp2 shortly after the stop codon (Fig. 2a); mRNAs
for other insulin-like peptides dilp3 and dilp5 showed no methyla-
tion (Extended Data Fig. 3e,f). To better characterize the location of
the modified adenosines in the dilp2 mRNA, we turned to direct RNA
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Fig.2|Mettl3is required for the translation of dilp2 mRNA. a, miCLIP (top,
blue) and the noimmunoprecipitation input control (bottom, gray) traces
mapped to the dilp2locus. The blue horizontal bar indicates the CLIP peak (false
discovery rate (FDR) < 0.05) and the base composition flanking a putative m°A
site near position 519. b, EpiNano significance trace showing the nucleotide
positions that are significantly different (red or blue bars, z-score > 6) between
native and invitro transcribed dilp2 RNAs. Red bars represent significantly
different nucleotides near AC dinucleotides, and blue bars represent significant
scores at nucleotides that do not contact ACs. Sequence context for positions
519 and 664 of dilp2 are shown under the gene model. The sequence context for
position 614 is in Supplementary Table 2. ¢, The proportion of dilp2 mRNA in
sucrose gradient fractions 5-12 normalized to spike-in RNA from control (w™¢CS)
and dilp2™*" flies. n = 2, 3samples of 400 heads each. Shading represents s.e.m.
d, Quantification of median dilp2 fluorescence of individual insulin-producing

Glucose homeostasis
Translation and
energy balance

l Impaired

cells from n = 6 brains from control (w"*) and dilp2™**”~ mutant fly heads. Error
barsrepresents.e.m. Unpaired two-tailed Student’s ¢-test, P= 0.021. e, The
circulating hemolymph glycemia (n = 6) of fasted dilp2™**"~ and w"*® control
flies. Error bars represent s.e.m. Unpaired two-tailed Student’s t-test, P= 0.042.
f, g, Direct RNA sequencing significance trace comparing in vitro transcribed
salmon ins (f) or mouse /ns2 (g) RNA to native mRNA isolated from salmon
pancreatic tissue (f) or mouse pancreaticislets (g). Red or blue bars represent
the significantly different nucleotides near AC dinucleotides (red) or not at AC
nucleotides (blue) (z-scores > 4 or >5) between native and in vitro transcribed
RNAs. Sequence context for positions ins 464 and /ns2 531 and 581 are shown
under the gene model. Sequence context for the remaining positionsisin
Supplementary Table 2. h, Model of translational control of dilp2 mRNA by m°A.
*P<0.05;*P<0.005.

sequencing (Oxford Nanopore), inwhich different bases are identified
by changes in current flow through nanopores*2*. Tofirst ensure that
we could faithfully detect the presence of methylated A, we sequenced

invitro transcribed RNAs with only one methylated or unmethylated
A (position 239) and used EpiNano to detect the modified A (Extended
Data Fig. 4a); this algorithm identifies m°®As by detecting deviations
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in base calls caused by current intensity changes between modified
and unmodified nucleotides®. Indeed, EpiNano flagged the current
shift near A239 (Extended Data Fig. 4b) as a base-calling deviation
(Extended DataFig. 4c), showingthatit canreliably detect methylated
A. To identify m®As in the native dilp2 mRNA from fly heads, we first
enriched for transcripts specifically expressedin the insulin-producing
cells by translating ribosome affinity purification (TRAP) (Dilp2-GAL4
>RPL3::FLAG*). We then direct RNA sequenced the immunoprecipi-
tated poly(A) + RNA and used EpiNano to detect deviations between
base calls of in vitro transcribed and native dilp2 RNA*. This analysis
uncovered a significant difference in the 3’ UTR between the in vitro
transcribed and native dilp2 mRNAs (Fig. 2b and Extended Data Fig.
4d), with three bases in the 3’ UTR (positions G519, C614 and C664)
showing significantly higher base-call deviations. Position G519 is near
aputative methylated AC contained within the CLIP peak, and position
C664 is part of ACdinucleotides (Fig. 2b and Supplementary Table 2).
The remaining peak did not include an AC and is therefore unlikely
to be methylated (Supplementary Table 2). Together with the results
frommiCLIP, the direct RNA sequencing results show that at least two
specific ACsin the 3’ UTR of the dilp2 mRNA are methylated in vivo in
D. melanogaster.

To investigate whether m°A of the dilp2 3’ UTR directly affected
itstranslation, we generated transgenic flies that lacked ‘methylatable’
adenosinesinthe 3’ UTR (dilp2™*""). Guided by the miCLIP and direct
RNA sequencing analyses, we selected 11 AC nucleotides to mutateinto
UC (Extended DataFig. 5a), including the ACs near G519 with the strong-
est methylation signal (Fig. 2a,b); A663 could not be removed for tech-
nical reasons. Transgenic fly line 236-4 was selected for further study
after confirming all A>U mutations by Sanger sequencing (Extended
DataFig. 5b).In control flies matched to the genetic background of the
dilp2™"~~ mutants, 90% of the dilp2 mRNAs were in the heavier poly-
some fractions; however, in dilp2™" flies, 74% of dilp2 mMRNAs were
associated with early fractions (Fig. 2c and Extended Data Fig. 6a,b).
Importantly, theratios of 60S and 80S ribosomes were similar between
control and mutant files, showing that the effect on dilp2 translation
isdirect and not due to overall changes in translation (Extended Data
Fig. 6a,b). Consistent with this, quantification of the total levels of
dilp2 protein with anti-dilp2 antibodies in the insulin cells of fasted flies
revealed a-20% decrease in dilp2™*”- mutants compared with genetic
background controls (Fig. 2d and Extended Data Fig. 6¢). Strikingly,
dilp2™*~ mutants recapitulated the deficits in glucose and energy
homeostasis observed in Mett/3 mutant flies, with an increase in fast-
ingglucose levels and triglycerides (Fig. 2e and Extended Data Fig. 6d).
Thus, m°A modification of the dilp2 mRNA directly controls the effec-
tive translation, and thus synthesis, of the insulin hormonein flies.

Elementsinthe 3’ UTR of mammalianinsulinare thought to play an
importantroleinits translation®’. Given the conservation of the insulin
and m°A pathways in metazoa, we asked if signatures of m°A were also
present in vertebrate insulin mRNAs. We obtained poly(A)-selected
mRNAs from Atlantic salmon (Salmo salar) pancreatic tissue and mouse
(Mus musculus) pancreaticislet cells and examined them by direct RNA
sequencing. EpiNano analysis of 5,000 and 10,000 reads mapped to the
ins (salmon) and /ns2 (mouse) insulin genesidentified three sites with
base-call deviations within three bases from ACdinucleotidesin the 3’
UTR of both genes: C464 for salmon ins (5’ GCCAc464UCUC) (Fig. 2f
and Supplementary Table 2) and A531 (5’ AGACCCa531CCACU) and C581
(5’ AGCAC581AAAA) for mouse Ins2 (Fig. 2g and Supplementary Table
2); base-call deviations not near ACdinucleotides arelistedin Supple-
mentary Table 2. To corroborate the direct RNA sequencing data, we
enriched for m°A methylated mRNAs from these tissues and assayed
forinsulinmRNAs by quantitative PCR (m°A-RIP-qPCR). This resulted
inarobustenrichment of insulin mRNAs compared with no-antibody
controls for salmon ins and mouse /ns2 pancreatic mRNA (Extended
Data Fig. 7a,b). Thus, like the fly dilp2, vertebrate insulin mRNAs are
marked by m°A sites inthe 3’ UTR. Finally, to examine if human insulin

(INS) mRNA was also methylated, we analyzed recently published RIP
sequencing datafrom pancreaticislets®. Consistent with our vertebrate
data, we observed an enrichment in INS mRNA reads in the m°A-RIP
compared withinput (Extended DataFig. 7c).

Taken together, our data and analyses indicate that N®-adenosine
methylation of insulin mRNAs is conserved from flies to humans. We
propose that this RNA modification controls the synthesis of the
insulin protein (Fig. 2h). This idea is directly supported by experi-
ments in flies, in which methylation of specific adenosines near the
stop codon enhanced translation by promoting the association of
the transcript with polysomes. To this end, previous studies have
shown that enhanced physiological translation of the mammalian
insulintranscript depends onregulatory elementsinthe 3’ UTR, but the
mechanisms are not understood®’. In our experiments, dilp2 mRNAs
without m°A marks in their 3’ UTR remained associated with the 40S
ribosome fractions, suggesting that this modification is important
for translational initiation. As m°A levels have been linked to cellular
metabolism and signaling®?, this epitranscriptomic markin the insulin
3’UTR couldtie translation with specific physiological signals, such as
glucose influx or depolarization.

Beyond discovering a new mechanism that controls insulin
translation, our work also uncovers a specific cause for the altera-
tionsin glucose homeostasis observed in mammals with mutationsin
the m°A complex**?. As with mice, flies with loss-of-function muta-
tions in Mett!3 or with knockdown of this enzyme in the insulin cells
had marked deficits in energy homeostasis, including high glycemia.
These phenotypes were recapitulated in flies with ‘unmethylatable’
dilp2mRNA, showing that these alterationsin energy balance directly
arise from impaired insulin translation. However, we do not exclude
that additional mRNA targets may be involved. For example, we found
mCAssignatures in mRNAs that are also methylated in humanislet cells
and/or murine tissues and could play arole in energy homeostasis®?*,
such as Hexokinase A (Hex-A), Phosphatase and tensin homolog (Pten),
and forkhead box, sub-group O (Foxo).

In conclusion, our work unveils afundamental role for RNA meth-
ylationinthe synthesis of insulin and the control of energy homeosta-
sis. Future studies combining the unique advantages of invertebrate
and vertebrate models will advance our understanding of the role of
epitranscriptomics and translation control in metabolism, with criti-
calimplications for the prevention and treatment of chronic diseases.
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Methods

Fly lines and husbandry

All flies were maintained at 25 °C in a humidity-controlled incubator
witha12 h/12 hlight/dark cycle. Animals were fed Bloomington Food B
(cornmeal-glucose) ad libitum and provided fresh food every other day.
For all experiments, flies were collected under CO, anesthesia2-4 days
following eclosion, and housed in groups of20-30 to age until testing
(6-10 days old). The stocks used are listed in Supplementary Table 3.
The Mett{3null mutants'® were backcrossed six times to w™* Canton-S
(w™8CS) flies (Benzer Laboratory, California Institute of Technology)
and compared with this genetic control, whereas Dilp2™* mutants
were generated inthe w”**background and compared with it (Rainbow
Transgenic Flies).

RNA extraction

Standard methods to isolate total RNA were used for qPCR, CLIP and
direct RNA sequencing. In brief, heads from10-20 flies were dissected
and immediately frozen on dry ice for qPCR. Eight hundred fly heads
wereisolated from bodies by sieving for CLIP and direct RNA sequenc-
ing. Allsamples were stored at—80 °C until extraction. Phenol-chloro-
form (Invitrogen, 15596018) and RIPA buffer (150 mm NaCl, 1% Nonidet
P-40 (NP-40), 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 7.5)
were added to frozensamples and homogenized by bead bashing (Bead
Ruptor, Omni, 19-040E). RNA extracted by phenol-chloroform was
precipitated by isopropanol with GlycoBlue coprecipitant (Invitrogen,
AM9515). RNA was stored at =80 °C until further processing.

Crosslinkingimmunoprecipitation (CLIP)

Library preparation. We adapted miCLIP* to use infrared-dye-
conjugated irCLIP adaptors®. Inbrief, 20 pug of poly(A)-selected (Invitro-
gen, 61012) RNA for each biological replicate from 800 heads of w"**CS
flieswasused asinput to the CLIP, no-antibody control, and input-only
(no-CLIP) reactions. Fragmented RNA (Ambion, E6150S) was incubated
for 2 h at 4 °C with 10 pl of antibody against m°A (Abcam, ab151230),
UV-crosslinked, then immunoprecipitated with magnetic beads (Inv-
itrogen, 10004D) as in ref. 18. Pre-adenylated dye-conjugated linkers
were ligated (New England Biolabs, M0351S) to dephosphorylated
3’ ends of RNA fragments overnight at 16 °C (Supplementary Table 1).
RNA was extracted with NuPAGE SDS buffer and separated by NuPAGE
gel (Invitrogen, NP0321), transferred to nitrocellulose membrane and
visualized for excision at 800 nm. RNA-antibody complexes were
released from the membrane by proteinase K digestion, and RNA was
purified with phenol-chloroform extraction. RNA was reverse tran-
scribed (Invitrogen, 18080085), circularized (Lucigen, CL4111K) and
PCR-amplified (Thermo Scientific, F530S) following the published
protocol®, Libraries were subjected to 151 bp paired-end sequencing
accordingtothe manufacturer’s protocol onan Illlumina NovaSeq 6000
at the University of Michigan Genomics Core.

Bioinformatics. Sequencing reads were demultiplexed using
bcl2fastq2 Conversion Software (Illumina). 5’-end unique molecular
identifiers (UMIs; 9 nucleotide (nt) random sequence) were used to
remove PCR duplicates with a custom script. Then, UMIs, sequences
andsequencing adapters were removed (fastx_clipper v0.0.14). Reads
were mapped to the Ensembl D. melanogaster genome (BDGP6) using
STAR (v2.7.5a)*° with default settings (Supplementary Table 4). Aligned
reads were peak-called using Piranha (v1.2.1)* (Supplementary Data1).
Metagene analysis was performed using MetaPlotR*2. Pearson’s correla-
tion coefficient (r) was calculated using R. CIMS analysis was performed
asinref.18. The sequence logo was generated using WebLogo (v2.8.2)%.
Gene ontology (GO) analysis was performed using gene set enrichment
analysis (GSEA) implemented in the clusterProfiler R package v4.2.2*".
We used the Benjamini-Hochberg method to correct for multiple
hypothesis testing, and ‘biological process’ from the org.Dm.eg.db
Bioconductor package v3.8.2 for GSEA™.

Polysome fractionation

Polysome profiles were performed as previously described®®. In brief,
300 fly heads were homogenized using abead beater (Omni, 19-040E)
in800 pl of polysome extraction buffer (300 mM NacCl, 50 mM Tris-HCI
pH7.5,10 mM MgCl,, 200 mg ml™heparin,400 U mI” RNasin, 1.0 mM
phenylmethylsulfonyl fluoride, 0.2 mg ml™ cycloheximide, 1% Triton
X-100, 0.1% sodium deoxycholate), then incubated for 10 min oniice.
Lysate was cleared by centrifugation at 10,000 x g for 10 min at 4 °C.
Equal A260 units were layered onto a1l0-50% sucrose gradientin resolv-
ing buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 15 mM MgCl,, 1 mM
DTT, 100 pg ml™ cycloheximide) and separated using a Beckman SW
41 Tirotor (30,000 r.p.m. for 3 h at 4 °C). The absorbance (254 nm)
was monitored, and 750 pl fractions were collected using a Brandel
pump set to a flow rate of 1.5 ml min™. Equal molar concentrations of
Saccharomyces cerevisiae enolase-2 (Eno2) transcript were added to
all fractions before RNA isolation. Nucleic acid was precipitated from
eachfraction,and pellets were thenresuspended in water and extracted
using phenol-chloroform, following the manufacturer’s protocol
(Invitrogen,15596026). The RNA was precipitated with isopropanol and
GlycoBlue.RNA wasresuspended in10 pl of water, and equal volumes
from each fraction were reverse transcribed following the manufac-
turer’'srecommendations (Invitrogen,18080085). Fractions 5-12 were
probed for dilp2 and Eno2 RNA by qPCR (Supplementary Table1).

qPCR

Reverse transcription was performed using SuperScript Il (Invitrogen,
18080085) with 1 ug of total RNA as input and primed with oligo(dT)
(Invitrogen, 18418012) according to the manufacturer’s protocol for
transcript abundance analysis. qPCR was performed following the
manufacturer’s directions (Applied Biosystems, 4367659) for all experi-
ments. Primers were added at a concentration of 2.5 pM in 20 pl reac-
tions. Reactions were run on the StepOnePlus Real-Time PCR System
(Applied Biosystems), and quantifications were normalized relative
tothereference gene ribosomal protein 49 (Rp49) for transcript abun-
danceor spike-in, Eno2, for polysome fractionation (delta Ct method).

Fat and lean mass analysis

Colorimetric measurements of triglycerides (Stanbio, SB-2100-430)
and protein (Pierce, P123225) were done as previously described”,
where one biological replicate n = 2 male flies. Flies were collected
3-5 daysafter eclosion and homogenized withaBead Ruptor. Standard
curves were generated for each to normalize the concentration of the
samples. Samples were quantified using a Tecan Spark plate reader at
562 nm for protein or 500 nm for triglycerides.

Immunofluorescence

Immunofluorescence was done essentially as in ref. 38. Male flies
3-5days after eclosion were sorted, then aged for 2-5 days on standard
food. Flies were then fasted in vials with awetted Kimwipe for16-18 h
before dissection. Brains were dissected in PBS, fixed (4% paraformal-
dehyde aqueous solutionin1x PBS), blocked (10% normal goat serum,
2% Triton X-100, 1x PBS), and thenincubated overnight in primary anti-
body (ratanti-dilp2 (1:500)*, rabbit anti-dilp3 (1:500)*°). After washing
(3% NacCl, 1% Triton X-100, 1x PBS), brains were incubated overnight
at 25°Cin secondary antibody: either goat anti-rat Alexa Fluor 647
(Invitrogen, A-21247) or goat anti-rabbit Alexa Fluor 488 (Invitrogen,
A-11008). Brains were mounted in FocusClear (CelExplorer, FC-101) on
coverslips, and the cellbodies wereimaged using an Olympus FV1200
confocal microscope with a x20 objective. The median intensity of
individual insulin-producing cells was quantified using Fiji*..

Invitro transcription for direct RNA sequencing

DNA insulintemplates were synthesized by Integrated DNA Technolo-
gies based on transcripts FBtr0076329 (fly Dilp2) and NM_001185083.2
(mouse/ns2), as well as two randomized sequences containing only one
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adenine (Supplementary Table 2). To generate the salmon instemplate,
we PCR-amplified (Thermo Scientific, F530S) from complementary
DNA and Sanger sequence-verified the product (XM_014198195.2).
Each template DNA sequence was used for in vitro transcription (Inv-
itrogen, AM1334). To generate the randomized DNA template ‘rand-A’,
the reaction mixture contained bases adenosine, uracil, cytosine and
guanosine, whereas the randomized DNA template ‘rand-m°A’ used
N¢-methyladenosine in the place of adenosine. All other in vitro tran-
scription reactions used only the standard bases. The reactions were
performed overnight following the manufacturer’s protocol.

Direct RNA sequencing

RNA was immunoprecipitated from the heads of flies expressing
Dilp2-GAL4 UAS-RpL3::FLAG transgene (TRAP) as previously reported*
with anti-Flag antibody (Sigma, F1804) (3 pg). RNA was extracted using
phenol-chloroform (TRIzol), then poly(A)-selected (Invitrogen, 61011).
RNA from Atlantic salmon pancreatic tissue and mouseislet cells were
poly(A)-selected. Poly(A)-selected RNA or a total of 500 ng of pooled
in vitro transcribed RNA was used for library preparation follow-
ing the manufacturer’s protocol (Oxford Nanopore, SQK-RNA0O2,
vDRS 9080 _v2_revB_22Nov2018). In brief, the reverse transcriptase
adapterwas ligated to the RNA, reverse transcription was performed,
andtheRNA-cDNA hybrids were purified. Next, the second adapter was
ligated to the RNA, and the hybrids were again purified. The libraries
were loaded onto the MinION flow cell (R9.4.1). The Oxford Nanopore
sequencer was run for 24-36 h. Data were base-called using Oxford
Nanopore’s Guppy (v3.1.5) and aligned to the reference sequences using
Minimap2 -ax splice -uf -k14 (v2.17)**. Only reads that passed filtering
and that mapped to the reference were considered for further analysis.
Next, aligned reads from biological samples (modified) and matched
invitro transcribed RNAs (unmodified) were used as input to EpiNano
(EpiNano-Error, v1.2) to determine the positions of modifications®.
We plotted the data from the longest transcript (NM_001185083.2)
for EpiNano mouse data. The Tombo suite of tools was used to
visualize reads*.

Circulating glucose assay

Hemolymph was collected by centrifugation from 40-50 starved
(12-16 h) maleflies per replicate. Circulating glucose levels were meas-
ured as previously described®. Inbrief, 0.5 pl of hemolymph was added
to 100 pl of HexoKinase (HK) reagent (Sigma, GAHK20) and incubated
for 15 min at room temperature. Then, absorbance at 340 nm was
measured on a Tecan Spark plate reader.

Generation of dil[p2 m°A mutant flies

CRISPR constructs were synthesized and micro-injected into w"*
flies by Rainbow Transgenic Flies. The pScarless donor vector (dsRed
marker) was introduced to remove the endogenous dilp2 3’ UTR and
replaceitwithamutantdilp23’ UTR thatreplaced 11 AC dinucleotides
to TC (Extended Data Fig. 4a). F, progeny were screened for transfor-
mation with dsRed fluorescence. Positive transformants were Sanger
sequenced (see Sanger sequencing) to verify the correctinsertion.

Sanger sequencing

Genomic DNA was extracted by silica column purification (Invitrogen,
K182002) from two male flies from each fly line with positive dsRed
expression. The dilp2 locus was PCR-amplified (Thermo Scientific,
F-530XL), and PCR products were purified and normalized to 5 ng pl™
with10 pmol pl™ of the appropriate primer added. Samples were sub-
mitted to Eurofins Genomics for sequencing, and traces were analyzed
with Benchling software.

Mouse isletisolation
Islet cells were collected from two to four fasted male mice from
Vil-Cre backcrossed nine times to C57 by the University of Michigan

Islet Isolation Core. The pooled tissue was added directly to TRIzol
(Invitrogen, 15596018) and stored at —80 °C.

Salmon pancreatic tissue isolation

The Atlantic salmon used was approximately 2 years old and postsmolt.
The pancreatic tissue from one individual was isolated from the sur-
rounding pyloric caeca. Upon removal, the tissue was immediately
addedto TRIzol and stored at =80 °C.

m°A methylated RNA immunoprecipitation qPCR
(m°A-RIP-qPCR)

Poly(A)-selected (Invitrogen, 61011) RNA was incubated with IgG
Dynabeads (Invitrogen) (mock) or beads pre-incubated with antibody
against m°A (Abcam, ab151230) for 2 hat 4 °C, then washed with bind-
ing buffer (150 mMNacCl, 10 mM Tris-HCIpH 7.5, 0.1% NP-40). RNA was
eluted with100 pl of 20 mM m°A (Sigma, M2780) for 2 hat 4 °Cand then
purified following the manufacturer’s protocol (TRIzol, Invitrogen).
qPCRwas performed as above with 10% of the starting material asinput.
The normalized Ct values were calculated as follows: Ct of mock RIP
or RIP — adjusted Ct of input. All primers are listed in Supplementary
Table 1. Previously published data from human m°A RIP sequencing
were obtained from the Gene Expression Omnibus (GEO; accession
number GSE120024)°. Normalized counts of transcripts per kilobase
million (TPM) for INSwere precomputed by GEO2R, and two-way paired
t-test was performed in GraphPad Prism.

Statistics and reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experimental groups were rand-
omized, and the investigators were blinded when determining regions
ofinterest for fluorescence measurements, but not during experiments
and outcome assessment.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldataare availablein the main text or supplementary materials. RNA
sequencing reads were deposited in GEO under accession number
GSE207547.dilp23’ UTR mutants are available upon request. The D. mel-
anogaster genome sequence is available in Ensemblunder BDGP6.32,
Mus musculus Ins2is available in GenBank under NM_001185083.2, and
Salmosalarinsis available in GenBank under XM_014198195.2.Source
data are provided with this paper.

Code availability
All custom scripts for data analysis can be found at https://github.com/
dwilinski/m6A-fly-insulin.git.
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Extended Data Fig. 2| Additional phenotyping of Mettl3 mutants. (a, b, ¢) Representative confocal images of immunofluorescence of dilp3 proteinin
Quantification of (a) dilp2, (b) dilp3, and (c) dilpS mRNA from heads of control control (w™CS) and MettI3”~ mutant flies. Scale bar, 20um. Quantification of
(w'™8CS) and MettI3” mutant flies. n = 6 sets of 20 flies. Unpaired two-tailed median dilp3 fluorescence of individual insulin-producing cells from (d), n=6
Student’s t-test; p=0.594 (a), p=0.778 (b), and p = 0.073 (c). (d) Quantification brains per genotype. Unpaired two-tailed Student’s t-test, p = 0.333. Error bars
of insulin cells n =3 brains. Unpaired two-tailed Student’s t-test, p=0.374. (e) are SEM. ns = not significant.
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Extended Data Fig. 3 | Reproducibility of biological CLIP replicates. (a)
Correlation plots of log, normalized reads per CLIP peak. Each dot represents
aCLIP peak found in all three biological replicates. Pearson’s correlation
coefficient (r). (b) Gene ontology (GO) enrichment analysis of genes that harbor
a CLIP peak. Circle size represents the number of genes with CLIP peaks in the
corresponding GO categories. The color represents the significance of the

549 nt

enrichment (Benjamini-Hochberg corrected p-value from Gene Set Enrichment
Analysis (GSEA)). (c) Metagene plot of CLIP peaks from D. melanogaster head
mRNA. Representing the position of 4,506 CLIP peaks. (d) The sequence context
of 5,485 cross-linked mutational sites (CIMS) contained within CLIP peaks. (e, f)
miCLIP (blue) and input (gray) traces mapped to the dilp3 (e) and dilp5 (f) loci
(Reads Per Million mapped reads, RPM).
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Extended Data Fig. 4 | Direct RNA sequencing of in vitro transcribed control
RNAs and dilp2 RNA. (a) Schematic of the randomly generated random-1
(rand1) invitro transcribed RNAs. The RNAs were transcribed with A (gray) and
mCA (red). The sequences were identical except for the 6 nt molecular barcode
depicted by the green block to distinguish between the unmethylated and
methylated RNA unambiguously. (b) Normalized direct RNA sequencing signal
derived from in vitro transcribed RNA with A (gray) and with m°A (red).n=50
reads plotted. Green triangles represent the expected current level based on
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the base calling mode (see Methods). (c) EpiNano significance trace across the
invitro transcribed RNA sequence. Significant position 239 (red) corresponds
to the base following the methylated A (238). Other significant bases labeled
‘barcode’ correspond to the green barcode in (a). (d) Normalized direct-RNA
sequencing signal derived from invitro transcribed dilp2 RNA (left, gray, n=50
reads) and native dilp2 mRNA from fly heads (right, red n=50 reads) of the region
corresponding to the miCLIP peak in (Fig. 2a). Green triangles represent the
expected current level based on the base calling model.
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Extended DataFig. 5| Creation of dilp2m6A mutant flies. (a) Diagram of CRISPR strategy to replace 11 AC dinucleotides in 3’ UTR of the dilp2 transcript (dilp2™"”
gray). (b) Sanger sequencing of genomic DNA from positive transgenic line 364-4 showing all 11 AC dinucleotides replaced with UC.
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Extended DataFig. 7| Vertebrate insulin mRNA is enriched by m6A RIP. (a, b)
Quantification of salmon ins (a) and mouse /ns2 (b) mRNA by qPCR from mock-
treated or m°A RIP samples of pancreatic tissue. n =3 salmon and n= 3 of groups
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(a) and p=0.001(b). (c) Normalized Transcripts Per Kilobase Million (TPM)
counts of RNA-sequencing reads from the human insulin (INS) gene®. Paired two-
tailed Student’s t-test p <0.0001. *p < 0.05, ** p < 0.005.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX O OOS

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Direct RNA sequencing acquisition: Oxford Nanopore MinKNOW (21.06.0)
Immunofluorescence acquisition: Olympus Fluoview (04.02.01.20)
gPCR acquisition: Applied Biosystems StepOne Software (v2.3)
Sucrose gradient absorbance acquisition: Brandel Peak Chart (2.08)
Colormetric assay acquisition: Tecan Spark Control (3.0)

Data analysis Direct RNA sequencing base calling: Oxford Nanopore Guppy (v 3.1.5)
Direct RNA sequencing transcriptome mapping: MiniMap2 (v 2.17)
Direct RNA sequencing modification identification: EpiNano-Error (v 1.2)
Direct RNA sequencing visualization: Tombo (1.5)
Samtools (1.9)
bedtools2 (2.30.0)

Microscopy visualization and quantification: Fiji (ImageJ 1.53f51)

Lc0c Y21o

De-multiplexing Solexa sequencing reads: Bcl2fastg2 Conversion Software (lllumina)

Adapter trimming Solexa sequencing reads: fastx_clipper (0.0.14)

Mapping Solexa sequencing reads: Star (v 2.7.5a)

Removing duplicated reads from Solexa sequencing reads: remove_duplicated_reads_from_fastq_testing.pl (v 0.1.0) (https://github.com/
dwilinski/m6A-fly-insulin.git)

Removing direct-RNA sequencing reads: filter_sam_on_deletions.pl (V 0.1.0) (https://github.com/dwilinski/m6A-fly-insulin.git)




Defining CLIP peaks: Piranha (v 1.2.1)

Metagene visualization of CLIP data: MetaPlotR (v 1.0)

Visualization of CLIP data: weblogo (v 2.8.2)

Gene Set Enrichment Analysis: ClusterProfiler R package version (4.2.2)
Bioconductor package “Genome Wide Annotations for Fly" (v 3.8.2) for GESA
Visualization of Sanger sequencing: Benchling software (2021)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text or supplementary materials. RNA-sequencing reads were deposited in Gene Expression Omnibus accession number
GSE207547. dilp2 3'UTR mutant flies are available upon request. Ensembl D. melanogaster genome (BDGP6.32) genome. D. melanogaster genome sequence
accession number (BDGP6.32), Mus musculus Ins2 sequence (NM_001185083.2), and Salmo salar ins sequence (XM_014198195.2).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender NA

Population characteristics NA
Recruitment NA
Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on norms of the field. Tennessen, J. M., Barry, W. E., Cox, J. & Thummel, C. S. Methods for studying
metabolism in Drosophila. Methods 68, 105—115 (2014). May, C. E. et al. High Dietary Sugar Reshapes Sweet Taste to Promote Feeding
Behavior in Drosophila melanogaster. Cell Rep. 27, 1675-1685.e7 (2019). Kan, L. et al. A neural m6A/Ythdf pathway is required for learning
and memory in Drosophila. Nat. Commun. 12, 1458 (2021). In one case, Mett|3-/-;dilp2>MettI3 flies only had 3 biological replicates because
we did not obtain enough flies. One direct-RNA sequencing experiment was conduced for each condition/genotype because of cost. Biological
replicates for meRIP-gPCR were limited for Atlantic salmon (n=3) and mouse experiments (n=3) because of limited material.

Data exclusions  No data were excluded from analysis
Replication All attempts at replication were successful. TAGs data were replicated interdependently at least twice. All IF data were replicated
interdependently across days. All polysome fractions were replicated across days. Polysome-qPCR biological replicates were run on a separate

plates with technical replicates. CLIP data were conducted as one set and not replicated. Direct-RNA sequencing data were not replicated.

Randomization  All samples/organisms were allocated into experimental groups randomly

Blinding All IF experiments that required manual ROl determinations were blinded by the investigators. Investigators were not blinded to group
allocation and analysis since assignment of samples to different experimental groups was random or based on genotype.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
[] clinical data

|:| Dual use research of concern
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Antibodies

Antibodies used rat anti-dilp2 (Pierre Léopold) reference in text
rabbit anti-dilp3 (Patrick Callaerts) PA2172 reference in text
goat anti-rat Alexa Fluor 647 (Invitrogen, A-21247)
goat anti-rabbit Alexa Fluor 488 (Invitrogen, A-11008)
mouse anti-Flag monoclonal antibody (Sigma, F1804)

Validation Dilp2 and dilp3 antibodies were previously validated in the literature and by subsequent investigators. The antibodies stained the
expected regions of the fly brain. Dilp2 antibody was validated by expressing dilp2 in Kurs6 neurons which do not endogenously
express dilp2 and probed by immunofluorescence. Only when dilp2 was over-expressed not when dilp5 was over-expressed did they
find immunofluorescence in the Kurs6 neurons (Figure S1). (Géminard, Charles et al. Remote Control of Insulin Secretion by Fat Cells
in Drosophila. Cell Metabolism, Volume 10, Issue 3, 199 - 207) To validate the Dilp3 antibody, the authors used dilp3 knockout flies
and observed a loss of immunofluorescence compared to control flies in insulin producing cells (Figure S9). (Buhler, Kurt et al.
Growth control through regulation of insulin signalling by nutrition-activated steroid hormone in Drosophila. Development 1
November 2018; 145 (21): dev165654.)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Drosophila, w[1118]CS
Drosophila, w[1118]
Drosophila, Ime4null (Mett|3)
Drosophila, UAS-Ime4-HA/Cyo
Drosophila, UAS-MettI3RNAI: y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GLO1126}attP2/TM3, Sb[1]
Drosophila, Dilp2-GAL4: w([*]; P{w[+mC]=Ilp2-GAL4.R}2/CyO
Drosophila, nSyb-GAL4-2.1
Drosophila, Tubulin-GAL8O, dilp2-GAL4: w[*];Dilp2R-Gal4, TubP-Gal80[ts]/Cyo; +
Drosophila dilp2m6A: w[1118];;Dilp2[m6A]/TM6C
(All flies were 3-10 days old)
Atlantic salmon (Salmo salar) (male post smolt and are about 2 years old)
Male mice Vil-Cre backcrossed to C57 9x (male, 1.5 months old)

Wild animals Study did not involve wild animals

Reporting on sex For practical reasons some experiments were done on both sexes together. For example, for some experiments (CLIP, polysome
profiling) it was impractical to segregate by sex when a large number of animals were required to obtain sufficient tissue. Otherwise
experiments were conducted on males.

Field-collected samples  Study did not involve field-collected samples

Ethics oversight The mouse tissue was obtained from University of Michigan Islet Isolation core and the salmon pancreatic tissue was obtained from a
collaborator so no animal care and use oversight was required.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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