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repair via regulation of kynurenine metabolism
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SUMMARY

Neurons contribute to the regeneration of projected tissues; however, it remains
unclear whether they are involved in the non-innervated tissue regeneration.
Herein, we showed that a neuronal tachykinin-like receptor at 86C (TkR86C) is re-
quired for the repair of non-innervated wing discs in Drosophila. Using a genetic
tissue repair system in Drosophila larvae, we performed genetic screening for G
protein-coupled receptors to search for signal mediatory systems for remote tis-
sue repair. An evolutionarily conserved neuroinflammatory receptor, TkR86C,
was identified as the candidate receptor. Neuron-specific knockdown of TkR
86C impaired disc repair without affecting normal development.We investigated
the humoral metabolites of the kynurenine (Kyn) pathway regulated in the fat
body because of their role as tissue repair-mediating factors. Neuronal knock-
down of TkR86C hampered injury-dependent changes in the expression of vermil-
lion in the fat body and humoral Kyn metabolites. Our data indicate the involve-
ment of TkR86C neurons upstream of Kyn metabolism in non-autonomous tissue
regeneration.

INTRODUCTION

Tissue repair is a harmonious system based on cell-to-cell and tissue-to-tissue interactions. Recognition of

and response to the surrounding environment of cells is essential. One example is when apoptotic cells in

damaged sites send signals to the surrounding cells. In the case of head regeneration of the hydra, the

morphogen Wnt3, secreted from apoptotic cells, promotes the proliferation of stem or interstitial progen-

itor cells.1 The contribution of apoptotic cells to cell proliferation has been revealed in the mouse liver and

Drosophila imaginal discs (larval epithelial tissues determined to be adult tissues).2–5 Moreover, the inter-

actions among different types of cells or tissues are indispensable for tissue repair. In newt and axolotl limb

regeneration, factors secreted from peripheral nerves near the amputated limbs, such as neuregulin, fibro-

blast growth factors, and bone morphogenetic proteins, are required for blastema formation.6,7 The pro-

liferative factors oncostatin M or PDGF-AA from Schwann cell precursors in mice are essential for the pro-

liferation of mesenchymal cells and subsequent digit regeneration.8 In addition, the wound epithelia in

amputated axolotl limbs secrete MARCKS-like proteins that trigger the proliferation of blastema.9

Tissue damage responses are not locally restricted; remote tissues also respond to local tissue damage,

known as the systemic damage response or systemic wound response.10,11 Recent studies have revealed

the non-autonomous effects of remote tissues on regeneration. Our previous studies have indicated

that imaginal disc repair is supported by the fat body in Drosophila larvae. The invertebrate fat body is

the functional counterpart of the mammalian liver and white adipose tissue, which are metabolically active

secretory tissues. We found that the metabolism of methionine-S-adenosylmethionine (Met-SAM) and

tryptophan-kynurenine (Trp-Kyn) in the fat body remotely regulates disc repair.12,13 This indicates that in-

teractions between damaged and distant tissues are essential for tissue repair; however, the tissues

required for imaginal disc repair cannot be restricted to the fat body. Additionally, signal interactions be-

tween distant tissues for tissue repair are largely unknown.

As mentioned previously, neurons contribute to the regeneration of surrounding tissue, but innervation is not

observed in wing discs until the pupal stage.14 The involvement of the nervous system in tissue regeneration

without direct neural projections has not yet been examined. To reveal the neuroprojection-independent
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aspects of tissue repair/regeneration between neurons and wing discs, we performed a functional analysis of

receptors, especially G protein-coupled receptors (GPCRs). The GPCR family is the largest family of receptors

and a wide range of ligands, including small molecules, peptides, and lipids.15 However, comprehensive an-

alyses of GPCRs have not been performed in the context of regeneration. We exploited the genetic tissue

repair system in Drosophila and performed RNAi screening of GPCRs for imaginal disc repair. From this ge-

netic screening, we found that the tachykinin-like receptor at 86C (TkR86C) in neurons and its ligand, tachykinin

(Tk), were required for disc repair, while impairment of this pathway did not affect normal development. Addi-

tionally, neuronal knockdown of TkR86C affects Kyn metabolism in the fat body and Kyn metabolites in the

hemolymph, influencing remote disc repair.

Herein, we report that the involvement of TkR86C and ligand-expressing neurons in tissue repair brings

new insights into tachykinin-based tissue repair functions and tissue interactions for tissue repair.

RESULTS

GPCR screening identifies TkR86C as a candidate receptor for disc repair

Drosophila larvae have regenerative epithelial tissues, wing imaginal discs, in which the wing pouch (WP)

region is determined to be an adult wing; thus, we can examine the extent of tissue repair by observing the

wing phenotype.16,17 We have previously established a WP region-specific cell ablation and repair system

using a temperature-sensitive form of the diphtheria toxin A domain (DtAts).12 By inducing DtAts cell abla-

tion using the WP-QF2 driver and a temporal temperature shift, we independently manipulated gene

expression using the Gal4 driver (Figure 1A). To identify new tissue interactions, we manipulated GPCR

genes in the repairing wing discs using a pan disc Gal4 driver, C10-Gal4 driver, which is mainly expressed

in the entire imaginal discs, salivary glands, parts of the central nervous system (CNS), and parts of the gut,

but not in the fat body (Figures S1A–S1E0; Table S2).

Among the 106 GPCR genes (excluding olfactory receptors, listed based on FlyBase), 10 were selected as

candidate genes (Figure 1B; Table S1). We focused on TkR86C for further studies because the two distinct

RNAi lines reproducibly produced defective wing phenotypes (Figure 1C). Drosophila has two tachykinin

receptor orthologs: TkR86C and the tachykinin-like receptor at 99D (TkR99D).18 Although TkR99D is

involved in lipid accumulation in the gut and nociceptive responses in neurons,19,20 TkR86C has been re-

ported to be involved in aggressive male behavior and daily locomotor activity.21,22 However, there are

no reports on the function of TkRs in Drosophila tissue repair or regeneration.

In addition to the wing phenotype, disc morphologies were examined with the morphogen wingless

(Wg), which expresses a ring-like shape pattern in the WP region and dorsal-ventral boundary and is

required for wing development. Immediately after DtAts cell ablation (0h after ablation; AA0), the Wg

signal became sparse and decreased in intensity (Figures 1E and 1F). After 12 and 24 h of ablation

(AA12 and AA24), the recovered wing discs showed a ring-like pattern of Wg (Figures 1E0 and 1E00).
On the other hand, in TkR86C knocked down larvae, wing discs showed an abnormal pattern of Wg

expression (Figures 1F0 and 1F00). Importantly, without disc injury, TkR86C-RNAi did not affect normal

wing development, developmental speed (Figures 1D and 1G), or damage-dependent developmental

delay (Figure 1H), indicating that TkR86C contributes to disc repair without affecting developmental

delay or wing development.

TkR86C is highly expressed in the central nervous system, and neuron-specific repression of

TkR86C results in disc repair defects

To determine the site where TkR86C functions, we examined the expression pattern of TkR86C with TkR86C-

T2A-Gal4 and TkR86C-T2A-LexA drivers, which allows us to determine the endogenous expression patterns

under Gal4 or LexA drivers with the self-cleaving peptide T2A.23,24 The TkR86C-T2A-LexA driver showed

strong expression in the brain and ventral nerve cord (Figures S2A and S2A0). As for wing discs, TkR86C expres-

sion was induced in a small part of the cell cluster at theWP and hinge or pleura region of damaged discs and

was slightly observed in non-damaged wing discs (Figures S2C and S2D). A previous study reported that he-

mocytes were recruited to damaged discs,25 but TkR86C positive cells were not marked by the hemocyte

marker P126 (Figures S2E–S2E00), suggesting that TkR86C is expressed in damaged disc cells.

To investigate the involvement of induced TkR86C in wing discs, TkR86C was knocked down using a

pouch expressing rn-Gal4 driver (Figure S3). The rn-Gal4 driver could cover TkR86C induced in the
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WP region but not TkR86C induced in the hinge or pleura region (Figures S3A–S3A%). Knockdown of

TkR86C using the rn-Gal4 driver showed a worsened wing phenotype in only one RNAi line (Figure S3B).

These results suggest that induced TkR86C in the injured wing discs can affect regeneration to some

extent.
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Figure 1. TkR86C as a candidate receptor for disc repair, identified using GPCR screening

(A) Scheme of disc repair and screening. DtAts-dependent cell ablation is induced by a temperature shift from the early to

middle 3rd larval stage. While tissue repair occurs after ablation under normal conditions, it is impaired by the knockdown

of the responsible GPCRs.

(B) Results of the RNAi screening of GPCRs. Candidate genes are presented as gray areas.

(C and D) Comparison of adult wing sizes between ablated and non-ablated C10-Gal4>TkR86C-RNAi flies. From top to

bottom, n = 92, 88, and 54, and 146, 126, and 148, respectively. Statistical analysis was conducted using the Chi-squared

test to compare the control (WP-QF2>DtAts, C10-Gal4>lacZ-RNAi) with the treated larvae; *** p < 0.001. Data in (C) were

selected from (B).

(E and F00) Wing discs of ablated C10-Gal4>TkR86C-RNAi larvae developed within the indicated time course. The discs

were stained with anti-Wg antibody. White scale bar, 100 mm.

(G–H) Timing of pupation in non-ablated and ablated C10-Gal4>TkR86C-RNAi flies. n = 116, 88, and 43, 37, respectively.

The SEM was calculated from four repeated experiments. AEL: hours after egg laying. The temperature treatment is

described in the STAR methods.
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The C10-Gal4 driver used for GPCR screening was strongly expressed in the CNS (Figures S1C and S2A00;
Table S2). We observed neurons co-expressing C10-Gal4 and TkR86C-T2A-LexA in some parts of the CNS

(Figure S2B). Therefore, we considered the involvement of neuronal TkR86C in wing disc repair. Knock-

down of TkR86C with pan-neuronal Gal4, a nSyb-Gal4 driver (Figure S4), induced a worsened wing pheno-

type (Figure 2A). The knockdown of TkR86C with the nSyb-Gal4 driver did not affect normal wing develop-

ment, as seen when knocking it down using the C10-Gal4 driver under non-disc injury conditions

(Figures 2B and 1D). We confirmed that the nSyb-Gal4 driver was not expressed in the wing disc and

that neurons did not project to the wing disc but projected onto the leg disc, as previously reported14

(Figures S4A and S4A0), indicating that TkR86C-expressing neurons are involved in disc repair without pro-

jection to wing discs.

Although TkR99D has been reported to be involved in nociceptive responses,20 TkR99D-RNAi was not de-

tected during the initial screening (Figure 1B; Table S1). To confirm the involvement of TkR99D, TkR99Dwas

knocked down using additional RNAi lines and the nSyb-Gal4 driver (Figure S5). Similar to the initial

screening results (Figure 1B), neuronal knockdown of TkR99D did not worsen the wing phenotype (Fig-

ure S5), indicating that TkR86C-expressing neurons are specifically required for disc repair.

Disc injury causes developmental delays through an axis composed of damaged disc-derived Drosophila

insulin-like peptide 8 (Dilp8) and Lgr3 receptor-expressing neurons that regulate ecdysone signaling.27,28

We investigated whether the knockdown of TkR86C in neurons affected disc repair by regulating develop-

mental delay. Neuronal TkR86C knockdown did not affect the developmental delay (Figure 2C), indicating

that TkR86C-expressing neurons affect disc repair independent of the regulation of developmental delay.

A B

C

Figure 2. Neuronal TkR86C contributes to disc repair non-autonomously

(A) Comparison of adult wing sizes of ablated nSyb-Gal4>TkR86C-RNAi flies. From top to bottom: n = 132, 276, and 140.

(B) Comparison of adult wing sizes of non-ablated nSyb-Gal4>TkR86C-RNAi flies. From top to bottom: n = 192, 206, and

124. Statistical analysis was conducted using the Chi-squared test to compare the control (WP-QF2>DtAts, nSyb-

Gal4>lacZ-RNAi) with the treated larvae; ***p < 0.001.

(C) Timing of pupation for nSyb-Gal4>TkR86C-RNAi flies in ablated and non-ablated conditions. n = 108, 127, 177 and 30,

209, 162, respectively. Error bars indicated SEM. AEL: hours after egg laying. Temperature treatment is described in the

STAR methods.
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TkR86C ligand tachykinin-expressing cells are required for non-autonomous disc repair

To confirm the involvement of TkR86C in disc repair, we established TkR86C null mutant and examined its

gene expression and wing phenotype. Defects in TkR86C expression were confirmed in the null mutant

(Figure S6A); however, the TkR86C null mutant did not worsen or showed a slightly better wing phenotype

(Figures S6B and S2A). One possible reason for the different phenotypes in TkR86C mutants and RNAi

could be a compensatory network that buffers against harmful mutations, as previously discussed.29

To verify that the RNAi phenotype was not off-target, we knocked down TkR86C in TkR86Cmutant larvae. In

TkR86Cmutant larvae, TkR86C knockdown did not worsen the wing phenotype (Figure S6C), supporting a

compensatory network to buffer the phenotype in TkR86C mutants at the systemic level, whereas neuron-

specific knockdown of TkR86C resulted in a regeneration defect phenotype.

To confirm that TkR86C signaling in neurons contributes to disc repair, we investigated its ligands. TkR86C is

associated with natalisin (NTL) and Tk ligands.18 In particular, NTL-1–5 and Tk-6 showed higher binding capac-

ities to TkR86C than to other neuropeptides.30,31 We first checked the expression patterns of Tks to determine

their sources. Tk-T2A-Gal4 showed strong expression in the CNS (Figures S7A–S7C0). Given the restricted

expression of Tk compared with that of TkR86C (Figures S7 and S2), ligand-expressing cells were ablated

with an apoptosis-inducing gene, reaper (rpr), which worsened the wing phenotype after wing disc injury

(Figures 3A and 3B). In addition, the fact that the wing phenotype in control lines is less severe when using

Tk-T2A-Gal4 thanC10-Gal4 or nSyb-Gal4 (Figures 1C and 2A) may be due to the influence of different genetic

backgrounds depending on the recombinant Gal4 drivers as in our previous studies.12,13 Tk expression in the

CNSwas confirmed bymCherry signals and Tk antibody staining.mCherry signals induced by Tk-T2A-Gal4 co-

localized with Tk antibody signals and were detectedmore sensitively than Tk antibody, confirming the reduc-

tion of Tk-expressing cells in the CNS by rpr-ablation (Figures 3C–3E). Tk expression was not observed in wing

discs (Figure S7C), so Tk was also required for non-autonomous disc repair. Additionally, the knockdown of Tk

in the whole body using the da-Gal4 driver worsened the wing phenotype (Figure S8A), supporting the

involvement of Tk in non-autonomous disc repair. Unlike Tk, NTL could not be functionally analyzed in this

study for reasons such as lethality due to genetic manipulation, including RNAi. Considering the results of

A B

C D

E

C’ D’

Figure 3. Ablation of Tk-expressing neurons impairs disc repair non-autonomously

(A and B) Comparison of adult wing sizes of Tk-expressing cell-ablated flies. n = 72, 68 (A); n = 82, 145 (B). Wing phenotype

categories are the same as in Figure 2A. Statistical analysis was conducted using the Chi-squared test; **** p < 0.0001.

(C–D’) Expression patterns of Tk-T2A-Gal4>nls-mCherry (C, D) and signals of Tk antibody staining (C0, D0) with or without

rpr ablation in CNS at AA24. White scale bar: 100 mm.

(E) Quantified data of cell number of Tk-T2A-Gal4>nls-mCherry-expressing cells in CNS (C, D). SEM was calculated from

six independent samples. The two-tailed Student’s t test was applied; *** p < 0.001.
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neuronal knockdown of TkR86C with several RNAi lines and Tk-expressing cell ablation (Figures 2 and 3),

phenotypic compensation via a different pathway occurred in mutants at the systemic level, whereas

neuron-specific knockdown of TkR86C resulted in a regeneration defect phenotype.

To investigate the CNS response to disc injury, we first measured the gene expression levels of TkR86C,

TkR99D, NTL, and Tk in the larval CNS at the early stage of disc repair (Figures S9A–S9D). None of the

four genes showed changes in expression in the larval CNS with a disc injury. To verify local ligand changes,

we stained the CNS with anti-Tk antibody before ablation (BA) and at 0, 12, and 24 h after ablation (AA0, 12,

and 24) to quantify the signal of Tk-expressing cells in the brain and VNC (Figures S8B–S8F). As develop-

ment progressed, Tk signals in the brain and VNC decreased with or without injury (Figures S8E and S8F).

However, in the brain and VNC of injured larvae, the decrease in the Tk signal was suppressed after AA0

and was higher in damaged larvae than in non-damaged larvae. This suggests that local Tk levels in the

CNS remain high in response to injury, contributing to TkR86C-mediated repair regulation.

To verify the positional relationship between TkR86C and Tk neurons, we examined the localization of

TkR86C-expressing and Tk-expressing cells in the larval CNS (Figure S10). Additionally, since the proximity

of insulin-producing cell (IPC) dendrites and Tk-expressing cells was observed in the adult Drosophila

brain, and knockdown of TkR99D in IPC was reported to increase Dilp2 signaling in IPC,32 we examined

the localization of Dilp2-producing cells (IPC), Tk, and TkR86C in the larval brain. The TkR86C signal was

broadly observed in the brain and the VNC, and the signal from some Tk neurons was adjacent to the

TkR86C signal (Figures S10A and S10B; orange arrows). This supports the relationship between Tk and

TkR86C neurons. Although no clear observation was made regarding the adjacency or projection of Tk

and Dilp2 (Figures S10C and S10D; yellow arrow), Dilp2-producing cells colocalized with a portion of

TkR86C (Figures S10C and S10D; white arrowhead). This suggests that TkR86C-expressing neurons can

affect Dilp2 neurons, similar to TkR99D neurons.

TkR86C in neurons affects damage-induced changes in humoral kynurenine metabolites

The mechanism by which TkR86C affects disc repair in neurons remains unclear. Previously, we identified

that disc injury affects Kyn and kynurenic acid (KynA) levels in the hemolymph and that these metabolic

changes influence disc repair.13 We hypothesized that TkR86C contributes to disc repair by working with

Kyn metabolism (Figure 4A).

First, the binding capacities of Kyn and KynA to TkR86C were investigated. It has also been reported that Kyn

or KynA bind to the orphan GPCR GPR35,33 but a recent GPCR-binding assay did not detect the binding ca-

pacity of KynA to GPR35.34 Therefore, whether Kyn and/or KynA target GPCRs remains unclear. We hypoth-

esized that Kyn and/or KynA affectGPCR function as ligands or allosteric regulators. Using a binding assaywith

the promiscuous G-protein Ga15 and the calcium indicator Fluo-4 in HEK293T cells,35 we confirmed that

TkR86C binds to Tk-6 and NTL-5, as observed in previous studies30,31 (Figures S11A and S11B). We investi-

gated whether KynA or Kyn affected the binding efficiency or efficacy of TkR86C to Tk-6 or NTL-5; however,

neither direct binding nor allosteric regulation of TkR86C activity by KynA or Kyn was observed

(Figures S11A and S11B).

Next, we investigated Trp-Kyn metabolism in the fat body and hemolymph during disc repair (AA12) using

qPCR and LC-MS/MS to determine whether TkR86C functions upstream of the damage-induced metabolic

changes in the fat body and hemolymph (Figures 4B–4D).

Regarding transcriptional changes in the fat body during disc repair, the transcriptional level of v was

higher in the disc-ablated larval fat body, as previously reported13 (Figure 4B). However, this was not

observed in the larval fat body of neuronal TkR86C knocked down larvae (Figure 4B). Kyat and cn showed

no differences due to the injury (Figure 4B). Consistent with the transcriptional changes in v in the fat body,

the disc-damaged larval fat body showed higher levels of Kyn and KynA at AA12, and KynA levels were

impaired by neuronal TkR86C knockdown (Figure 4C). The reason for the higher 3-hydroxykynurenine (3-

HK) levels in the fat body of injured larvae with neuron-specific TkR86C knockdown is unknown (Figure 4C),

but it is possibly because KynA, which should increase with injury, is suppressed by TkR86C knockdown in

neurons, leading to an increase in 3-HK production. Additionally, although Trp and 3-HK showed no differ-

ence due to injury (Figure 4D), disc-damaged larval hemolymph showed higher levels of Kyn and KynA at

AA12, as previously reported13 (Figure 4D). However, this was not observed in the neuronal TkR86C
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knocked down larval hemolymph (Figure 4D). Considering that the signal of nSyb>mCD8-GFP was not

observed in the fat body (Figures S4B–S4C0), TkR86C-expressing neurons may affect fat body Kyn meta-

bolism in an endocrine manner.

Kyn metabolites were also measured in the hemolymph of TkR86C mutant larvae, which did not show

repair inhibition (Figure S6B), and no differences were observed compared with the wild type under

A

B

C

D

E

Figure 4. Neuronal knockdown of TkR86C hampers injury-inducing changes of kynurenine metabolites in the fat

body and hemolymph during disc regeneration

(A) Schematic view of Trp-Kyn metabolism. Trp; Tryptophan, Kyn; Kynurenine, KynA; Kynurenic acid, 3-HK;

3-hydroxykynurenine.

(B) The expression levels of v, Kyat, and cn in the disc-ablated and non-ablated larval fat body. SEM was calculated from six

independent samples. One-way ANOVA Tukey’s multiple comparison test was applied: NS, not significant; **** p < 0.0001.

(C and D) The levels of Trp, Kyn, KynA, and 3-HK in the disc-ablated and non-ablated larval fat body (C) and hemolymph

(D) with neuron-specific RNAi of lacZ or TkR86 C at AA12. The metabolites were measured using UPLC-MS/MS. SEM was

calculated from six independent samples. One-way ANOVA Tukey’s multiple comparison test was applied: NS, not

significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

(E) Adult wing sizes of KynA-administrated and ablated nSyb-Gal4>TkR86C-RNAi flies. n = 260, 210, 260, and 316,

respectively. Wing phenotype categories are the same as in Figure 2A. Statistical analysis used the Chi-squared test to

compare the control with KynA; **** p < 0.0001.
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non-damaged condition (Figure S6D), supporting the involvement of Kyn metabolism in neuronal

TkR86C-mediated disc repair. To confirm the requirement of humoral KynA for disc repair in neuronal

TkR86C-knockdown larvae, an oral KynA-feeding experiment was conducted (Figures 4E and S12).

KynA administration at AA0 recovered the severe wing phenotype of neuronal TkR86C knocked down

larvae (Figure 4E). The wing phenotype of neuron-specific lacZ-RNAi adult wings was not enhanced (Fig-

ure 4E), implying that humoral KynA levels in the damaged control larvae were saturated to support disc

repair, as previously observed.13 KynA administration tended to increase the humoral KynA levels

at AA12, although the difference was not significant (Figure S12). Considering that the amount

of KynA in the hemolymph would have stabilized between the administration of KynA from AA0 to

AA12 and that KynA levels in the damaged larval hemolymph were already higher than those in the

non-damaged larval hemolymph (Figure 4D), the range of the increase in KynA levels in the hemolymph

of KynA-treated larvae could explain the rescue of the wing phenotype by KynA administration

(Figures S12 and S4E).

These results suggest that neuronal TkR86C affects disc repair via humoral changes in Kynmetabolite levels

regulated by fat bodies (Figure S13).

DISCUSSION

The present study found that neuronal TkR86C was non-autonomously required for disc repair (Figure S13).

We first searched for GPCRs that regulate regeneration usingC10-Gal4 driver expression in various tissues,

including wing discs and neurons. Based on this expression pattern, we especially examined neuronal

TkR86C and found that it affected disc repair non-autonomously. The interactions between damaged tis-

sues and nerve have been investigated in mice and amphibians.36,37 However, these studies investigated

the peripheral nerves adjacent to the damaged tissue. The present study found the non-autonomous

involvement of TkR86C-expressing neurons in non-innervated wing disc repair by utilizing a tissue-specific

genetic manipulation system.

Although there are no reports on tachykinin signaling in tissue repair in Drosophila, mammalian tachyki-

nins, and their receptors have been reported to affect wound responses. In particular, substance P (SP),

a mammalian tachykinin, and its receptor, the neurokinin 1 receptor (NK1R), have been extensively studied.

Peripheral SP and NK1R have also been reported to affect tissue repair. SP is expressed in corneal nerves,

andNK1R is expressed in corneal epithelial cells and keratocytes, which support epithelial proliferation and

keratocyte migration upon wounding.38 SP expression is also induced in the tubules of injured kidneys by

ischemia reperfusion and functions in tissue repair by modulating macrophages, bone marrow-derived

neutrophils, andmesenchymal stromal cells.39 However, for disc repair inDrosophila, Tk was not expressed

in damaged discs (Figure S7C). Considering the distance between regenerating tissues and Tk- or TkR86C-

expressing neurons, our findings indicate the non-autonomous regulation of tissue repair by Tk- or

TkR86C-expressing neurons without direct innervation of damaged tissues.

However, the mechanisms underlying the regulation of TkR86C and Tk in disc repair remain unclear.

Gene expression of TkR86C or Tk was not upregulated in the CNS after disc damage (Figure S9), whereas

Tk signals marked with anti-Tk antibody were higher in the damaged larval CNS (Figures S8C–S8F);

therefore, suggesting that local induction or maintenance of Tk or Tk secretion might be induced during

tissue repair. Noxious stimuli induce peripheral epithelial or immune cells to release or generate multiple

factors, including proteases, lipids, and purines, which cause SP secretion from peripheral neurons.40 For

example, protease allergens activate transient receptor potential V1+ (TRPV1+) sensory neurons to

induce itching responses and SP release.41 In addition, the endogenous a,b-unsaturated aldehyde,

4-hydroxy-2-nonenal (HNE), activates TRPA1 channels and promotes SP release from the spinal cord

and peripheral nerves.42 HNE is produced when reactive oxygen species peroxidate membrane phos-

pholipids in response to tissue injury, inflammation, and oxidative stress. Therefore, it is possible that in-

flammatory factors, including damage-associated molecular patterns or reactive oxygen species from

damaged discs or proteases from other inflammatory tissues, such as hemocytes and the fat body,

induce Tk induction or secretion and regulate tissue repair by neurons. Additionally, a recent study indi-

cated that Kyn released from the fat body induces the formation of zinc storage granules in Malpighian

tubules, where 3-HK and the xanthurenic acid act as endogenous zinc chelators.43 Considering that zinc

is a known modulator of SP release,44,45 humoral Kyn may also regulate Tk release through zinc homeo-

stasis during disc repair.
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However, the direct target tissues of TkR86C-expressing neurons and themechanism by which TkR86C reg-

ulates disc repair remain unknown. However, we found that TkR86C knockdown in neurons repressed fat

body and humoral Kyn metabolic changes during tissue repair (Figures 4C and 4D). These data imply

that TkR86C-expressing neurons affect humoral Kyn metabolites produced in the fat body. Several in vivo

examples of alterations in Kyn metabolism have been reported. For example, it has been reported that ex-

ercise-induced skeletal muscle PGC-1a1 modulates the production of KynA46 and the tissue non-autono-

mous effect of muscle-derived KynA increases energy expenditure in adipose tissue by activating GPR35.47

Other studies have reported that hypoxic preconditioning increases serum Kyn levels in an indoleamine

2,3-dioxygenase 1 (Ido1)-dependent manner, which is required for organ protection against ischemic kid-

ney injury in mice.48 The expression of Ido1 and Ido2, rate-limiting enzymes in the conversion of Trp to Kyn,

is induced by interferon-gamma during inflammation.49 As tachykinin signaling is also induced during

inflammation and injury, TkR86C neuron-mediated changes in humoral Kyn metabolites suggest a new

remote regulatory pathway for Kyn metabolic changes during inflammation and injury in vivo.

The TkR86C null mutant did not show a wing phenotype, unlike the TkR86C knockdown (Figures S6B and

S2A). One possible reason for the different phenotypes of TkR86C mutants and RNAi could be a compen-

satory network that buffers harmful mutations.29 In zebrafish, as well as in mice and Arabidopsis, it has

become clear that there are significant differences between the phenotypes caused by gene mutation

and those caused by gene knockdown. For example, zebrafish egfl7 mutants, an endothelial extracellular

matrix gene, show no obvious phenotype, whereas animals injected with egfl7 morpholino show severe

vascular defects.50 This is because other extracellular matrix factors were increased in the mutants to

compensate for the loss of efgl7. Considering these observations, it is implied that although neuron-spe-

cific knockdown results in an inhibitory regeneration phenotype, phenotypic compensation via a different

pathway may occur in the TkR86C mutant during disc repair.

Elucidation of the interactions between the CNS and fat body are important for future understanding of the

regulation of Kyn metabolites by TkR86C neurons. Regarding secretory signals from the fat body to the CNS,

various molecular mechanisms have been reported in which the fat body senses the nutritional status, such as

amino acids and carbohydrates, and regulates it by controlling the CNS.51 For example, the leptin-like cytokine

Upd-2 from the fat body relieves the inhibitory tone of GABAergic neurons that project to IPCs, resulting in Dilp

secretion.52 Eiger, a tumor necrosis factor alpha ortholog, is secreted from fat bodies under low-protein dietary

conditions and inhibits Dilp production in IPCs.53 Although secretory signals from the CNS to the fat body are

less well understood than fat body-derived signals to the CNS, in the context of injury, Lgr3 receptor-expressing

neurons regulated by damaged disc-derived Dilp8 are known to cause systemic developmental delays via ecdy-

sone signaling in Drosophila.27,28 This is an example of how the CNS affects peripheral tissues, including fat

bodies, during injury; however, given that neuronal TkR86C knockdown did not induce developmental delay

and affected humoral Kynmetabolites (Figures 2C and 4D), TkR86C in neurons would have effects on the regen-

erative processes themselves rather than developmental processes. Understanding the connections between

damaged tissues, fat bodies, and neurons from the viewpoint of TkR86C neurons and Kyn metabolism will pro-

vide us with unidentified insights into the systemic regulation of tissue repair.

Limitations of the study

Although we found that neuronal TkR86C was required for disc repair, changes in TkR86C expression were not

detected in the CNS during disc repair. Given the small number of neurons that co-express C10-Gal4 and

TkR86C-T2A-LexA, it is necessary to identify the neurons that contribute to regeneration at the cellular level.

Additionally, we did not clarify how TkR86C-expressing neurons affect Kynmetabolism. To determine which sig-

nals affect Kynmetabolism in the fat body, we will search for factors in TkR86C-expressing neurons that regulate

Kyn metabolism in the fat body. For example, TkR86C neuron-specific proximity labeling of humoral proteins

may be useful in identifying proteins that link the CNS to fat bodies. In addition, unlike Tk, NTL could not be

functionally analyzed by antibody staining or genetics in this study, and further experiments are required to

determine the contribution of NTL. Furthermore, the targets of KynA are yet to be identified. Biochemical meth-

odologies, including receptor screening, are required to determine the role of KynA in disc repair.
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E.A., Perona, P., and Anderson, D.J. (2014).
Tachykinin-expressing neurons control male-
specific aggressive arousal in drosophila. Cell
156, 221–235. https://doi.org/10.1016/j.cell.
2013.11.045.

22. Lee, S.H., Cho, E., Yoon, S.E., Kim, Y., and
Kim, E.Y. (2021). Metabolic control of daily
locomotor activity mediated by tachykinin in
Drosophila. Commun. Biol. 4, 693–714.
https://doi.org/10.1038/s42003-021-02219-6.

23. Kondo, S., Takahashi, T., Yamagata, N.,
Imanishi, Y., Katow, H., Hiramatsu, S., Lynn,
K., Abe, A., Kumaraswamy, A., and Tanimoto,
H. (2020). Neurochemical organization of the
Drosophila brain visualized by endogenously
tagged neurotransmitter receptors. Cell Rep.
30, 284–297.e5. https://doi.org/10.1016/j.
celrep.2019.12.018.

24. Deng, B., Li, Q., Liu, X., Cao, Y., Li, B., Qian, Y.,
Xu, R., Mao, R., Zhou, E., Zhang, W., et al.
(2019). Chemoconnectomics: Mapping
chemical transmission in Drosophila. Neuron
101, 876–893.e4. https://doi.org/10.1016/j.
neuron.2019.01.045.

25. Pastor-Pareja, J.C., Wu, M., and Xu, T. (2008).
An innate immune response of blood cells to
tumors and tissue damage in Drosophila. Dis.
Model. Mech. 1, 144–154. , discussion 153.
https://doi.org/10.1242/dmm.000950.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Wg Developmental Studies Hybridoma Bank Cat#4D4; RRID: AB_528512

Rat anti-GFP (GF090R) nacalai tesque Cat#04404-26; RRID: AB_2314545

Rabbit anti-mCherry Abcam Cat#ab167453; RRID: AB_2571870

Mouse anti-hemocyte P1 Gift from I. Ando26 N/A

Guinea pig anti-Tk Gift from E. Y. Kim22 N/A

Rabbit anti-Dilp2 Gift from Z. Gong54 N/A

Anti–mouse IgG, 488 Thermo Fisher Science Cat#A-21202; RRID: AB_141607

Anti-rat IgG, 488 Thermo Fisher Science Cat#A-21208; RRID: AB_2535794

Anti-mouse-IgG, 647 Thermo Fisher Science Cat#A-31571; RRID: AB_162542

Anti-rabbit-IgG, 647 Thermo Fisher Science Cat#A-31573; RRID: AB_2536183

Anti-mouse-IgG, Cy3 Jackson Immuno Research Cat#712-166-151; RRID: AB_2340817

Anti-rabbit-IgG, Cy3 Jackson Immuno Research Cat#711-165-152; RRID: AB_2307443

Chemicals, peptides, and recombinant proteins

Hoechst33342 Invitrogen Cat#H3570

Fluoromount-GTM Southern Biotech Cat#00-4958-02

Kynurenic acid Sigma-Aldrich Cat#K3375

NTL-5: LQLRDLYNADDPFVPNR-amidation Biologica N/A

Tk-6: pyroglutamate-QRFADFNSKFVAVR-

amidation

Biologica N/A

Experimental models: Organisms/strains

D. melanogaster: QUAS-DtAts Kashio et al.12 N/A

D. melanogaster:WP-QF2 Kashio et al.12 N/A

D. melanogaster:C10-Gal4 Gift from E. Hafen N/A

D. melanogaster:UAS-lacZ-RNAi Gift from R. W. Carthew54 N/A

D. melanogaster:UAS-lacZ Gift from C. Goodman N/A

D. melanogaster:TkR86C-T2A-Gal4 Gift form S. Kondo23 N/A

D. melanogaster:TkR86C-T2A-lexA Gift from Y. Rao24 N/A

D. melanogaster:UAS-rpr BDSC #5824

D. melanogaster:UAS-GFP BDSC #1521

D. melanogaster:rn-Gal4 BDSC #51280

D. melanogaster:nSyb-Gal4 BDSC #51635

D. melanogaster:QUAS-mCD8-GFP BDSC #30002

D. melanogaster:QUAS-mCD8-GFP BDSC #30003

D. melanogaster:UAS-nls-mCherry BDSC #38425

D. melanogaster:UAS-mCD8-ChRFP BDSC #27391

D. melanogaster:UAS-mCD8-ChRFP BDSC #27392

D. melanogaster:LexAop-mCD8-GFP BDSC #32203

D. melanogaster:LexAop-nls-GFP BDSC #29954

D. melanogaster:Tk-T2A-Gal4 BDSC #84693

D. melanogaster:UAS-Tk-RNAi BDSC #25800

D. melanogaster:UAS-TkR86C-RNAi 1 VDRC v107090

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Masayuki Miura (miura@mol.f.u-tokyo.ac.jp).

Materials availability

Materials and protocols used in this study are available from the authors upon request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly stocks and transgenes

QUAS-DtAts,12 WP-QF2,12 C10-Gal4 (gifted by E. Hafen), UAS-lacZ-RNAi,55 and UAS-lacZ (gifted by C.

Goodman) have been characterized in previous studies. TkR86C-T2A-Gal4 was gifted by S. Kondo.23

TkR86C-T2A-lexA was a gift from Rao.24 UAS-rpr (#5824), UAS-GFP (#1521), rn-Gal4 (#51280), nSyb-Gal4

(#51635), QUAS-mCD8-GFP (#30002, #30003), UAS-nls-mCherry (#38425), UAS-mCD8-ChRFP (#27391),

UAS-mCD8-ChRFP (#27392), LexAop-nls-GFP (#29954), LexAop-mCD8-GFP (#32203), UAS-Tk-RNAi

(#25800), and Tk-T2A-Gal4 (#84693) were obtained from the Bloomington Drosophila Stock Center.

UAS-TkR86C-RNAi 1 (v107090), UAS-TkR86C-RNAi 2 (v13392), and RNAi lines used for GPCR screening

(Table S1) were obtained from the Vienna Drosophila Resource Center.

METHOD DETAILS

Temperature shift protocol for temporal ablation

Embryos were laid at 25�C for 4 h and were incubated then at 25�C for 24 h after initiation. The starting time

point of the embryo laid was defined as after egg laying (AEL) at 0 h. For ablation withWP-QF2>DtAts, basi-

cally, flies were raised at 29�C for 54 h from 24 h AEL and shifted to 18�C for 48 h. As for ablation combined

with rn-Gal4, severe wing phenotype was observed even in the control. Therefore, flies were raised at 29�C
for 54 h from 24 h AEL and shifted to 18�C for 38 h. For ablation combined with TkR86C mutant, flies were

raised at 29�C for 54 h from 24 h AEL and shifted to 18�C for 60 h. Larvae were returned to 29�C after tem-

poral ablation at 18�C. Larvae were either allowed to pupate and eclose or dissected at AA0, 12, and 24. Sex

differences in larvae were not considered.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster:UAS-TkR86C-RNAi 2 VDRC v13392

Oligonucleotides

Primers for RT-qPCR, see Table S3 This paper N/A

Software and algorithms

ImageJ/FIJI ver 2.9.0 ImageJ/FIJI RRID: SCR_002285

GraphPad Prism 9.5.1 GraphPad Software RRID: SCR_002798

Other

TCS-SP8 confocal microscope Leica RRID: SCR_018169

Leica DC 300 FX microscope Leica N/A

Leica DMI4000B Leica N/A

LCMS 8060 SHIMADZU N/A

QuantStudio 6 Real-Time PCR system Thermo Fisher RRID:SCR_020239

FDSS7000 Hamamatsu Photonics N/A
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Wing size assessment

We observed wing phenotypes by microscopy and manually classified wing size into three categories for

GPCR screening (see GPCR screening) and four categories for other experiments: intact wings, group A;

chipped or crumpled wings, group B; wings with a size <50% of control, group D; and wings with pheno-

types intermediate between groups B and D, group C. Wing size was counted separately for each sex of fly,

but this was not reflected in the graph. The age of the flies was not considered. For representative wing

images, flies were preserved in a mixture of ethanol/glycerin (3:1). The adult wings were mounted using

Fluoromount-G (Southern Biotech) after dissection in phosphate-buffered saline (PBS). Images were

captured using a Leica DC 300 FX microscope (Leica, Wetzlar, Germany).

GPCR screening

In Drosophila, 111 genes were identified as GPCR-coding genes (FlyBase), and 106 genes were knocked

down in our screening. One or two RNA interference (RNAi) lines were used for each gene. We observed

wing phenotypes by microscopy and manually classified wing sizes into three categories: intact wings,

group A; wings with a size <50% of control, group C; and wings with phenotypes intermediate between

groups A and C, group B. The GPCR genes, which resulted in less than 40% of group A and more than

20% of group C, were candidate receptors.

Immunohistochemistry

Larval tissues were dissected at the indicated time points (AA0, 12, or 24) in PBS, fixed in 4% paraformal-

dehyde in PBS, and washed with 0.1% Triton X-100 in PBS. The antibodies, probes, and dilutions used

are indicated in key resources table. Confocal images were acquired using Leica SP8. Quantification of

the Tk signal in the cell body of the larval brain and thoracic VNC and quantification of cell number of

Tk-T2A-Gal4> nls-mCherry expressing cells in the CNS were performed using Fiji software.

Quantitative RT-PCR

For quantitative RT-PCR (qRT-PCR), total RNA was extracted from five larval fat bodies and four whole

larvae using a ReliaPrep RNA Tissue Miniprep System (Promega). Total RNA from larval fat bodies

(100 ng) and whole larvae (400ng) was used for cDNA synthesis using a PrimeScript RT Reagent Kit with

gDNA Eraser (TAKARA). Quantitative PCR was performed using TAKARA TB Green Premix Ex Taq II (Tli

RNase H Plus) and a QuantStudio 6 Real-Time PCR system (Thermo Fisher). RNA polII was used as the in-

ternal control. The primer sequences were listed in key resources table.

Generation of TkR86C knock-out mutant fly using CRISPR/Cas9 system

CRISPR/Cas9 genome editing was used to create a TkR86C mutant that lacks the first exon containing the

start codon of TkR86C. Double-strand breaks were caused by the sgRNA-Cas9 protein at two locations

flanking the first exon. Therefore, upon homologous recombination repair of the break site, a DNA

sequence with the fluorescent marker protein DsRed was inserted instead, containing two break sites: a

sequence of approximately 200 bases (homology arm) and a sequence of DsRed in between were incorpo-

rated into the donor vector pBac. The donor and sgRNA expression vectors were injected into transgenic

lines expressing the Cas9 protein under the control of the Act5C promoter, and TkR86C mutants were

selected using DsRed expression as an indicator.

Pairs of guide RNAs were identified using CRISPROptimal Target Finder tool available on flyCRISPR (http://

flycrispr.molbio.wisc.edu/).

The DNA fragments for the guide RNAs were subcloned using the DNA Ligation Kit (TAKARA) into the

BbsI-digested U6b-sgRNA-short vector (a gift from N. Perrimon). The primers were annealed to generate

DNA fragments for guide RNAs.

Forward (50�30) Reverse (50�30)

Target 1 TTCGGCAGTCTGTAATCAGGATAG AAACCTATCCTGATTACAGACTGC

Target 2 TTCGGTGGAGTCGAAGTACCTGGA AAACTCCAGGTACTTCGACTCCAC
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To generate the homology-directed repair template, DNA fragments of the 50 homology arm were assem-

bled into the BsaI site, and the DNA fragment of the 30 homology arm was assembled into the BsaI site of

pBac[3xP3-DsRed_polyA_Scarless_TK] (generated by T. Katsuyama) using NEBuilder HiFi DNA Assembly

(New England Biolabs) or In-Fusion HD Cloning (TAKARA).

The PAM sequences of the gRNA-binding sites in the donor template were mutated to prevent Cas9-

directed cleavage following the homology-directed repair. The DNA fragments were amplified using

PCR using the following primers:

The detailed plasmid DNA sequences are available upon request. Transgenic flies were generated by

BestGene, Inc. Each DsRed-positive transformant was isogenized and confirmed using genomic PCR

and sequencing.

KynA-feeding experiments

Kynurenic acid (Sigma-Aldrich) was diluted with 0.1 NNaOH, and 80mM stocks weremaintained at�80 �C.
A volume of 12.5 mL of 80 mM stock was added to 2 mL of fly food to make 0.5 mM KynA food. The larvae

were transferred to KynA food 0 h after ablation (AA0).

Generation of a stable cell line for GPCR-binding assay

The methods used for the GPCR-binding assay were based on a previous study.35 The TkR86C-V5-mCherry

fragment was infused into the PB-Ga15-FLAG-IRES-puroR vector (provided by A. Koto) and digested with

AgeI and BamHI (Takara Bio). HEK293T cells were cultured in DMEM (10% FBS and 1% penicillin/strepto-

mycin) at 37�C, 5% CO2. pPB-TkR86C-mCherry, pPB-Ga15-FLAG-IRES-puroR, and the PiggyBac transpo-

sase vector (pCAGGS-PBase)56 were mixed in the following ratio (45:45:10, total 4 mg) and transfected

into HEK293T cells using Lipofectamine 2000 (Thermo Fisher Scientific), following the manufacturer’s in-

structions. Transfected cells were selected using 1 mMpuromycin (Sigma-Aldrich) and 400 mg/mL neomycin

G418 (Sigma-Aldrich). Individual cell colonies were picked and separated using 0.05% trypsin-EDTA

（Thermo Fisher Scientific) and cultured in 6-well dishes in DMEM. Stable cell lines were selected based

on the mCherry signal (excitation; 515–560 nm, emission, >590 nm) using a fluorescence microscope (Leica

DMI4000B).

Cell preparation for the calcium assay

Cultured cells were washed with PBS and trypsinized with 1 mL 0.05% trypsin-EDTA. To load the fluorescent

probe into the cells, the PBS-washed cell pellet was resuspended in 2 mL of loading buffer with 1mM Fluo-4

AM (Dojindo), 0.04% Pluronic F-127 (Sigma-Aldrich), 2.5 mM Probenecid (Thermo Fisher Scientific), and

20 mM HEPES (Thermo Fisher Scientific) in HBSS (Thermo Fisher Scientific). The cell suspension was incu-

bated for 30 min at 37�C under light shielding conditions. After centrifugation and removal of the super-

natant, the precipitate was resuspended in 8 mL of recording buffer (2.5 mM probenecid and 20 mM

HEPES in HBSS). The cells were dispensed at 20 mL/well using a Multidrop Combi (Thermo Fisher Scientific)

into a 384-well assay plate (Greiner) in which 100 nL of 1 mM compound solution was dispensed in advance.

After 1 h of incubation at 37�C with light shielding, a calcium assay was performed.

GPCR-binding assay

A Functional Drug Screening System (FDSS7000; Hamamatsu Photonics) was used to measure the fluores-

cence level of Fluo-4, with excitation and emission wavelength bands centered at 480 and 540 nm, respec-

tively. The ligand was diluted with a buffer (20 mM HEPES in HBSS) and dispensed into a non-binding

384-well plate (Greiner). A total of 5 mL of ligand solution was dispensed into each well with a plastic tip

(Hamamatsu Photonics) 10 s after the start of the measurement. The fluorescence intensity was measured

Forward (50�30) Reverse (50�30)

50 Homology Arm TGAAGGTCTCCTTAATGCATG

TGGCTGACAGTTCA

TCTTTCTAGGGTTAAGCAGTCT

GTAATCAGGATAGATGGTGGTTT

CCGTAATGAT

30 Homology Arm TCTTTCTAGGGTTAACATTCC

AGGTACTTCGACTC

ATTGACGGCTCTTCAAAGT

GCATCGACTTAACCGG
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for 2 min on each plate. The average fluorescence intensity from 1 to 10 s was used as the basal, and the

maximum fluorescence intensity from 11 to 120 s was used as the peak in the measurement. The response

was measured as follows: Response = (Peak-Basal)/Basal. The NTL-5 and Tk-6 peptides for the GPCR-bind-

ing assay were produced as previously described.30,31 The following peptides were obtained from Bio-

logica: NTL-5: LQLRDLYNADDPFVPNR-amidation; Tk-6: pyroglutamate-QRFADFNSKFVAVR-amidation.

Metabolites extraction from larval samples

For the extraction of metabolites from larval hemolymph, five larvae were collected at the indicated time

points, and the cuticle was ruptured in cooled PBS. The diluted solution was centrifuged at 1,000 3 g, 4�C
for 5 min. The collected supernatant was immediately frozen and stored at �80�C. Methanol, PBS, and

chloroform (9:5:10) were added to the samples and shaken. Samples were centrifuged at 2,300 3 g, 4�C
for 5 min. A centrifugal filter (Nanosep with 10 K Omega, Pall Corporation) was prewashed with Milli-Q wa-

ter. The supernatant was collected, transferred to a prewashed centrifugal filter unit, and centrifuged at

14,0003 g, 4�C for 10–30 min. The sample tube contents were evaporated using a centrifugal concentrator

CC-105 (TOMY). The pellets were diluted with Milli-Q water. The sample tubes were then stored at �80�C
until analysis. For the extraction of metabolites from larval fat bodies, metabolites were extracted in 50%

methanol. Samples were deproteinized in 50% acetonitrile and evaporated completely using a centrifugal

concentrator CC-105 (TOMY). The pellets were dissolved in Milli-Q water and filtered through a prewashed

centrifugal filter (Nanosep with 10 K Omega, Pall Corporation). The sample tubes were then stored at

�80�C until analysis. The amount of protein was quantified for normalization. After metabolite extraction,

proteins were extracted from the precipitates using methanol and chloroform. The precipitates were

washed in acetone, and the protein was extracted with 0.1 N NaOH at 95�C for 5 min. The protein content

was measured using a BCA protein assay kit (Thermo Fisher Scientific).

UPLC-MS/MS

The metabolites were measured using ultra-high-performance liquid chromatography equipped with tan-

dem mass spectrometry (UPLC-MS/MS), SHIMAZU 8060. For metabolite analysis, extracted samples were

diluted in an equal volume of Milli-Q water. Each sample was injected, and the concentration was calcu-

lated based on a standard curve obtained from serial dilutions of the standard solution for eachmetabolite.

Statistical analyses were conducted using GraphPad Prism software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Groups were compared using a one-way analysis of variance (ANOVA). Tukey’s multiple comparison test

was applied to Figures 4B–4D, S8E, S8F, S9, and S12. The Chi-squared test was applied to Figures 1C,

2A, 3A, 4E, S3, S6B, S6C, and S8A. Two-tailed student’s t-test was applied to Figures 3E and S6A. All an-

alyses were performed using GraphPad Prism 9 (GraphPad Software, Inc., CA, USA). All error bars in the

figures represent standard error of the mean (SEM). No statistical method was used to determine the sam-

ple size. The experiments were neither randomized nor blindly analyzed.
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