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Maintaining Toll signaling in Drosophila brain
is required to sustain autophagy
for dopamine neuron survival

Jie Zhang,1,2 Ting Tang,1 Ruonan Zhang,1,2 Liang Wen,1 Xiaojuan Deng,3 Xiaoxia Xu,2 Wanying Yang,3

Fengliang Jin,2 Yang Cao,3 Yuzhen Lu,1,* and Xiao-Qiang Yu1,4,*

SUMMARY

Macroautophagy/autophagy is a conserved process in eukaryotic cells to degrade and recycle damaged
intracellular components. Higher level of autophagy in the brain has been observed, and autophagy
dysfunction has an impact on neuronal health, but the molecular mechanism is unclear. In this study, we
showed that overexpression of Toll-1 and Toll-7 receptors, as well as active Spätzle proteins inDrosophila
S2 cells enhanced autophagy, and Toll-1/Toll-7 activated autophagy was dependent on Tube-Pelle-PP2A.
Interestingly, Toll-1 but not Toll-7 mediated autophagy was dMyd88 dependent. Importantly, we
observed that loss of functions in Toll-1 and Toll-7 receptors and PP2A activity in flies decreased auto-
phagy level, resulting in the loss of dopamine (DA) neurons and reduced fly motion. Our results indicated
that proper activation of Toll-1 and Toll-7 pathways and PP2A activity in the brain are necessary to sustain
autophagy level for DA neuron survival.

INTRODUCTION

Macroautophagy/autophagy is a conserved process in eukaryotic cells to degrade and recycle long-lived proteins, cellular macromolecules,

and damaged organelles.1,2 In neuronswhich are long-lived and nondividing cells, autophagy plays an essential role in clearance ofmetabolic

accumulations, misfolded proteins, and damaged organelles to maintain homeostasis.2–4 Studies in mice and Drosophila melanogaster

showed that suppression of autophagy in the nervous system always causes accumulation of ubiquitinylated proteins and neural degenera-

tion, revealing function of autophagy in continuous turnover of long-lived proteins tomaintain nerve cell survival.5–8 Autophagy dysfunction in

the nervous system is associated with neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s

disease (HD), and amyotrophic lateral sclerosis (ALS).4–6,9

Autophagy process is controlled by a cascade of kinases in response to starvation or environmental stress and involves many autophagy-

related proteins (Atgs). Under nutrition-deprived conditions, autophagy is controlled by phosphatidylinositol 3-kinase (PI3K), Akt, and Tor

(target of rapamycin), which are key kinases in the insulin-like signaling (ILS) pathway. When PI3K-Akt-Tor signaling is inhibited, Tor kinase

cannot phosphorylate Atg1, resulting in bindingof Atg1/ULK1with Atg13 to initiate autophagy.3,5Maintaining basic level autophagy is impor-

tant for neurons, as dysregulated autophagy in the brain is associated with neurodegenerative diseases.7,8,10,11 In the brain of Parkinson’s

disease patients, Toll-like receptor 2 (TLR2) expression is increased, and its expression correlates with the accumulation of pathological a-syn-

uclein. Indeed, one study showed that activation of TLR2 negatively regulates neuronal autophagy and that synuclein lesions are rescued by

antagonizing TLR2.12,13 However, the molecular mechanisms to maintain autophagy level in neurons are not well understood.

InD.melanogaster, the Toll-Spätzle (Toll-1-Spätzle-1) signaling pathway regulates dorsoventral patterning during embryogenesis, and it is

also involved in defense against infection by gram-positive bacteria and fungi in larvae and adults.14 Studies showed that Drosophila Toll

signaling pathway is important for brain development and plasticity.15–17 In immune response to pathogens, binding of Spätzle-1 (Spz-1)

to Toll-1 receptor activates the downstream signaling, resulting in formation of the myeloid differentiation primary response 88 (Myd88)-

Tube-Pelle complex, which phosphorylates NF-kB inhibitor Cactus, and degradation of Cactus releases NF-kB transcription factors Dif/

Dorsal that translocate to the nucleus to regulate expression of target genes, such as antimicrobial peptide (AMP) genes.18–20

In Drosophila brains, Toll-1 and Spz-1 genes are highly expressed in different neuron cells,21 different Toll members are expressed in

anatomical brain domains whereas Toll-2 regulates brain size and cell numbers via the downstream dMyd88/Wek/Yki pathway.15 Drosophila
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Spz-1, -2, and -5 belong to the neurotrophin (NT) superfamily,22 which are required for connectivity and synaptogenesis to promote neuronal

survival.23–25 Toll-6 and Toll-7 are receptors for Spz-2 (Drosophila neurotrophin 1, DNT1) and Spz-5 (DNT2) to regulate neuronal survival, cir-

cuit connectivity, and structural synaptic plasticity; deprivation of Spz-2 and Spz-5 affects nervous system development.16,17,24–28

Our previous study showed thatDrosophila Toll-1 and Toll-7 can bind to Spz-1/-2/-5 in vitro, and Toll-1-Spz and Toll-7-Spz complexes can

stimulate the promoter activity of antifungal genedrosomycin.29 In this study, we like to knowwhether Toll-1 and Toll-7 signaling pathways are

involved in autophagy in Drosophila. We first showed that overexpression of the intracellular domains (TIR-1 and TIR-7) of Toll-1 and Toll-7,

full-length Toll-1 and Toll-7, active Spz-1, Spz-2 and Spz-5, as well as co-expression of Toll-1 and Toll-7 with active Spz proteins in Drosophila

S2 cells increased the abundance of LC3-PE (phosphatidylethanolamine) (LC3-II), decreased phosphorylation level of Akt, and thus induced

autophagy in S2 cells. Importantly, we showed that in the brain of Toll-1 and Toll-7 mutant flies (Toll-1/-7 loss of function mutants), autophagy

level was decreased, resulting in the loss of dopamine (DA) neurons. Significantly, we showed that Toll-1 and Toll-7 mediated autophagy was

dependent on the expression and activity of protein phosphatase 2 (PP2A), a key regulator of autophagy triggered by starvation,30 and loss of

PP2A activity in Drosophila brain caused accumulation of P62 protein and decreased the number of DA neurons. Our collective results indi-

cated that Toll-1 and Toll-7 pathways in Drosophila brain regulate and maintain autophagy homeostasis to prevent loss of DA neurons and

different mechanisms are involved in Toll-1 and Toll-7 mediated autophagy.

RESULTS

Overexpression of Toll, Spz, and Toll-Spz complex induces autophagy in S2 cells

In order to facilitate detection of autophagy process in cells, Drosophila S2 cell line stably expressing RFP-GFP tandem fluorescent-tagged

LC3 protein was established, recombinant RFP-GFP-LC3 protein showed both green (GFP) and red (RFP) fluorescence in autophagosomes

prior fusion with lysosomes, while green (GFP) fluorescence disappeared under lysosomal acidic condition in autolysosomes (after fusion of

autophagosomeswith lysosomes) and exhibited only red (RFP) fluorescence.31When these S2 cells were cultured under starvation conditions,

autophagosome (yellow puncta) and autolysosome (red puncta) were observed at 20 min and 6 h after starvation, respectively (Figure S1A),

and the abundance of LC3-PE (LC3-II) was also enhanced (Figure S1B), indicating that the established S2 cell line can be used for autophagy

study.

We previously showed that Drosophila Toll-1 and Toll-7 can bind to Spz-1, -2, and -5 to activate the promoter activity of an AMP gene

drosomycin (Drs) in S2 cells,29 and it has been reported that Toll/TLR receptors can mediate autophagy under immune stimulations.32–34

To test whether expression of Tolls, Spz proteins or Toll-Spz complexes in S2 cells without immune challenge can induce autophagy, we first

overexpressed the intracellular domains (TIR-1 and TIR-7) of Toll-1 and Toll-7, full-length Toll-1 and Toll-7, active Spz-1, Spz-2, and Spz-5 as

well as full-length Spz-1 (Spz-1FL) in the established S2 cells which stably express RFP-GFP-LC3, and cell autophagy was determined by the

abundance of LC3-II. Overexpression of TIR-1 and TIR-7 significantly enhanced the abundance of LC3-II to a level comparable to that of the

starved cells (positive control) (Figure 1A). Similarly, overexpression of full-length Toll-1 and Toll-7 (Figure 1B), active Spz-1, Spz-2, and Spz-5

but not full-length Spz-1FL (Figure 1C), and co-expression of Toll-1 (Figure 1E) and Toll-7 (Figure 1F) with Spz-1/-2/-5 proteins also significantly

increased the abundance of LC3-II, while overexpression of the control GFP protein did not have an effect on the level of LC3-II (Figure 1D). In

Drosophila, refractory to sigma P (ref(2)P/CG10360) is a SQSTM1/P62 homolog,35 which is involved in autophagic clearance of protein bodies

or sequestosomes containing ubiquitin and key components of the autophagy pathway. The level of P62 in most cases inversely correlates

with autophagic flux; elevated autophagic flux decreases P62 level while inhibited flux increases its level.36,37 Thus, we also detected P62 pro-

tein level in the previously mentioned experiments, and the results showed that P62 protein level was decreased when LC3-II level was

increased (Figures 1A–1F). In addition, the red autolysosome puncta were observed in the S2 cells co-expressing Toll-1 or Toll-7 with

Spz-1, and endogenous Atg8a-II (Atg8a-PE) was also detected in the S2 cells co-expressing Toll-1 or Toll-7 with Spz-1 but not in the control

S2 cells (Figure S1C). These results indicated that activation of Toll-1-Spz and Toll-7-Spz signaling pathways can induce autophagy in S2 cells.

To confirm that Toll-1-Spz-1 and Toll-7-Spz-1 complexes activate the autophagic process in S2 cells, the phosphorylation level of Akt, a key

kinase in regulation of autophagy, was determined. The results showed that overexpression of full-length Toll-1 and Toll-7, active Spz-1 but

not full-length Spz-1FL, and co-expression of Toll-1 and Toll-7 with active Spz-1 all decreased the phosphorylation level of Akt to certain ex-

tents in S2 cells, with co-expression of Toll-1-Spz-1 most significantly inhibited Akt phosphorylation to a level comparable to that of the

starved cells (Figure 1G). Taken together, these results indicated that Toll-1-Spz and Toll-7-Spz complexes can activate the downstream

signaling pathways to inhibit Akt phosphorylation, resulting in induced autophagy in S2 cells.

Loss of Toll-1 and Toll-7 functions decreases autophagy in Drosophila brain

Drosophila Toll receptors are highly expressed in the adult brain, and they are involved in neuronal remodeling and plasticity.15,21 To explore

whether Toll-1 and Toll-7 are associated with autophagy in Drosophila brain, pmcherry-Atg8a flies38 were used to determine the autophagy

level in wild-typew1118, Toll-1 (TlI�RXA/Tlr632), and Toll-7 (Toll-7g1-5/Df(2R)) mutant flies (Toll-1/-7 loss of functionmutants), respectively, and the

autophagy level was detected by the red mcherry-Atg8a puncta. The results showed that in the control w1118 adult male flies (3 days old),

mcherry-Atg8a puncta were detected in the brain, while in the TlI�RXA/Tlr632 and Toll-7g1-5/Df(2R) mutant flies, significantly less or almost

no red puncta were observed (Figure 2A), and endogenous Atg8a-II (Atg8a-PE) was detected in w1118 flies but not in TlI�RXA/Tlr632 and

Toll-7g1-5/Df(2R) mutant flies (Figure 2B), indicating that a certain level of autophagy is maintained in the brain of wild-type w1118 flies, and

loss of Toll-1 or Toll-7 function in Drosophila brain decreases the autophagy level. Then the phosphorylation level of Akt and Tor kinases

in fly brains were examined. Immunoblotting results showed that in the brains of w1118 flies, the phosphorylation levels of both Akt and
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Figure 1. Overexpression of Toll, Spz, and Toll-Spz complex in S2 cells induces autophagy

(A‒F) Detection of LC3-I, LC3-PE (LC3-II), and P62 proteins in S2 cells overexpressing Toll, Spz, and Toll-Spz complex by immunoblotting. S2 cells stably

expressing RFP-GFP-LC3 were cultured in complete medium without treatment (control), or cultured in PBS instead of complete medium for 6 h (starved), or

transfected with pMT-TIR-1-V5, pMT-TIR-7-V5 (A), pMT-Toll-1-V5, pMT-Toll-7-V5 (B), pMT-Spz-1-Flag, pMT-Spz-2-Flag, pMT-Spz-5-Flag, pMT-Spz-1FL-Flag

(C), or pMT-GFP-V5 (D), or co-transfected with pMT-Toll-1-V5 or pMT-Toll-7-V5 with pMT-Spz-1-Flag, pMT-Spz-2-Flag, pMT-Spz-5-Flag, or pMT-Spz-1FL-Flag

(E and F), then recombinant proteins were detected by mouse anti-V5 and mouse anti-Flag monoclonal antibodies, respectively. In these S2 cells, P62

protein was detected by anti-Ref(2)P antibody, LC3-I and LC3-II were detected by rabbit anti-LC3 polyclonal antibody, while tubulin was detected by mouse

anti-tubulin monoclonal antibody.

(G) Detection of Akt protein in S2 cells overexpressing Toll-Spz complex by immunoblotting. S2 cells stably expressing RFP-GFP-LC3 were treated as described

above, total Akt (t-Akt) and phosphorylated Akt (p-Akt) in cells were detected by rabbit anti-Akt and rabbit anti-phosphor-Akt (p-Akt) polyclonal antibodies,

respectively. Protein bands from at least 3 membranes were scanned for each protein using ImageJ. Data were represented as means G SEM. Significant

difference was determined by one way ANOVA followed by a Tukey’s multiple comparison tests using GraphPad Prism, with different letters indicating

significant difference (p < 0.05) and identical letters for non-significant (p > 0.05). Significant difference was also determined by the student’s t test, ns for

non-significant.
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Tor kinases in the brains of w1118 flies were significantly lower than in the brains of TlI�RXA/Tlr632, Toll-7g1-5/Df(2R), and Atg8a1/Y (UAS-P-

element was inserted into the 50-terminal region of the Atg8a gene, Atg8a mRNA level was significantly reduced resulting in autophagy

dysfunction) mutant flies, while the phosphorylation level of S6K in the brains of TlI�RXA/Tlr632 and Toll-7g1-5/Df(2R) mutant flies was signifi-

cantly higher than in w1118 and Atg8a1/Y flies (Figures 2B–2E). Together, these results indicated that expression of Toll-1 and Toll-7 receptors

in fly brain can have an impact on the phosphorylation of Akt and Tor kinases and thus on autophagy in the brain.

Loss of Toll-1 or Toll-7 function causes accumulation of P62 and ubiquitinated proteins in Drosophila brain

The P62 protein is degraded during autophagy process and thus its accumulation is associated with decrease in autophagy. We used anti-

Ref(2)P antibody to detect P62 protein aggregates in fly brain. Immunofluorescence assays showed that P62 puncta were significantly more

abundant in the brain of TlI�RXA/Tlr632, Toll-7g1-5/Df(2R) and Atg8a1/Y mutant flies than in w1118 flies (Figure 3A). Immunoblotting results

showed that significantly more P62 protein accumulated in the brains of TlI�RXA/Tlr632, Toll-7g1-5/Df(2R), and Atg8a1/Y mutant flies than in

w1118 flies (Figures 3B and 3C). Since accumulation of ubiquitinated proteins is also associated with reduced autophagy, we used anti-ubiq-

uitin antibody to detect ubiquitinated proteins in fly brains, and the results showed that more ubiquitinated proteins were detected in the

brains of TlI�RXA/Tlr632, Toll-7g1-5/Df(2R), and Atg8a1/Y mutant flies compared to w1118 flies (Figures 3D and 3E). These results indicated

that loss of function in Toll-1 or Toll-7 decreased the level of autophagy in the brain, resulting in accumulation of P62 and ubiquitinated pro-

teins, a phenotype similar to that of the Atg8a1/Y mutant flies.

Toll-1 but not Toll-7 activated autophagy is dMyd88 dependent

When Toll-1 receptor is activated by binding to Spz-1, intracellular adapter protein dMyd88 (DrosophilaMyd88 homolog) binds to the TIR-1

domain and recruits Tube and Pelle to form ‘‘dMyd88-Tube-Pelle’’ complex, which in turn activates NF-kB transcription factors Dorsal/Dif to

regulate expression of target genes such as AMP genes. To determine whether Toll-1 or Toll-7 mediated autophagy is dMyd88 dependent,

RNAi experiments were performed to silence dMyd88 expression in S2 cells stably expressing TIR-1-V5 or TIR-7-V5. These S2 cells were then

collected for real-time PCR analysis of expression of drosomycin (Drs, a target gene of the Toll pathway), diptericin (Dpt, a target gene of the

Figure 2. Toll-1 and Toll-7 receptors are required to maintain autophagy in Drosophila brain

(A) Detection of autophagy in Drosophila adult brain. Autophagy level in the brain of flies was determined by the formation of pmcherry-Atg8a puncta. Brains

from different transgenic fly lines were dissected, and mCherry flourescence was examined by confocal microscope. The fluorescence intensity of mcherry-Atg8a

puncta was quantified from at least 20 brains for each fly line by ImageJ (a4). Scale bar: 50 mm in a1 to a3, 20 mm in the amplified sections.

(B‒E) Detection of Akt, Tor, S6K, and Atg8a proteins inDrosophila adult brain. Akt, Tor, S6K, Atg8a, and tubulin protein levels in the brains of different transgenic

flies were detected by immunoblotting (B). Relative protein level of p-Akt/total Akt (C), p-Tor/total Tor (D), or p-S6K/total S6K (E) was calculated by scanning

3 blots for each protein using ImageJ. Data were represented asmeansG SEM. Significant difference was determined by one way ANOVA (see Figure 1 legend).
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IMD pathway), DmInR (insulin receptor), and DmAtg8a genes. The results showed that overexpression of TIR-1 and TIR-7 alone activated

expression of Drs, DmAtg8a, and DmInR genes compared to the control cells without TIR overexpression (Figures S2C‒S2E). Transfection
of dsRNA for dMyd88 in S2 cells stably expressing TIR-1-V5 or TIR-7-V5 significantly knockeddown expression ofdMyd88 compared to control

dsGFP (Figures S2A and S2B). Interestingly, RNAi of dMyd88 suppressed TIR-1 but not TIR-7 activated expression of DmAtg8a and DmInR

transcripts compared to the control cells; RNAi of dMyd88 suppressed both TIR-1 and TIR-7 activated expression of Drs (Figures S2C‒S2E).
Neither overexpression of TIR-1 and TIR-7 nor RNAi of dMyd88 affected expression ofDptmRNA (Figure S2F). Moreover, knockdown expres-

sion of dMyd88 in S2 cells significantly inhibited TIR-1 but not TIR-7 activated increase of LC3-II level and decrease of P62 level (Figure 4A).

Together, these results indicated that Toll-1 but not Toll-7 activated autophagy is dMyd88 dependent.

Both Toll-1 and Toll-7 activated autophagy is ‘‘Tube-Pelle-PP2A00 dependent
We next knocked down expression of Tube and Pelle kinases in the ‘‘dMyd88-Tube-Pelle’’ complex. The results showed that transfection of

dsRNA for Tube or Pelle in TIR-1-V5 or TIR-7-V5 overexpressing S2 cells significantly knocked down expression of Tube and Pelle transcripts

(Figures S3A, S3B, S4A, and S4B), and RNAi of both Tube and Pelle genes suppressed TIR-1 and TIR-7 activated expression ofDrs,DmAtg8a,

and DmInR transcripts (Figures S3C‒S3E and S4C‒S4E), and inhibited TIR-1 and TIR-7 activated increase of LC3-II level and decrease of P62

level (Figures 4B and 4C). RNAi of both Tube and Pellegenes in the TIR-1 and TIR-7 overexpressing S2 cells did not influence expression ofDpt

(Figures S3F and S4F). RNAi of the Cactus gene, a negative regulator of NF-kB transcription factors, in the TIR-1 or TIR-7 overexpressing S2

Figure 3. Loss of functions in Toll-1 and Toll-7 receptors causes accumulation of P62 and ubiquitinated proteins in Drosophila brain

(A) Detection of P62 protein in Drosophila adult brain by immunostaining. Brains from the control flies (w1118), Toll-1 (TlI�RXA/Tlr632), Toll-7 (Toll-7g1-5/Df(2R)), and

Atg8a1/Y mutant flies were dissected and fixed, P62 protein in the brain was detected by anti-Ref(2)P antibody followed by Alexa Fluor 568 labeled goat anti-

rabbit IgG, and the confocal images were taken (a1-a4). Scale bar: 50 mm in a1 to a4, 20 mm in the amplified sections. P62 fluorescence intensity was

quantified from at least 20 brains for each fly line by ImageJ (a5).

(B‒E) Detection of P62 and ubiquitinated proteins in Drosophila adult brain by immunoblotting. P62 protein (B) and ubiquitinated proteins (D) in the brains of

different fly lines were detected by immunoblotting. Data were represented as means G SEM. For determination of relative protein levels (C and E) and

significant differences, see Figure 1 legend.
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cells significantly upregulated expression ofDrs andDpt but did not affect expression ofDmAtg8a andDmInR or LC3-II and P62 protein levels

(Figures 4D and S5). These results indicated that both Toll-1 and Toll-7 activated autophagy requires Tube and Pelle but is independent of

Cactus.

It has been reported that some subunits of protein phosphatases are found in the Tube-Pelle complex,39 and PP2A (protein phospha-

tase 2A) plays a role in starvation-induced autophagy by dephosphorylation of Akt.30 To determine the relationship between PP2A and

Toll-1/Toll-7 activated autophagy, RNAi experiments were also performed to knock down PP2A expression in S2 cells (Figures 5A and

5B). The results showed that RNAi of PP2A in the TIR-1 and TIR-7 overexpressing S2 cells significantly decreased LC3-II level and increased

P62 level (Figure 5C), indicating that PP2A is involved in Toll-1 and Toll-7 induced autophagy. Then PP2A activity in S2 cells was also deter-

mined. Overexpression of both TIR-1 and TIR-7 significantly increased PP2A activity in S2 cells compared to the control cells, and knock-

down expression of PP2A, Tube and Pelle, but not dEct4, dTraf-6 (two other adapter protein genes), or Cactus, in the TIR-1 or TIR-7 over-

expressing S2 cells significantly decreased the PP2A activity, while RNAi of dMyd88 expression in S2 cells significantly inhibited TIR-1 but

not TIR-7 activated PP2A activity (Figures 5D and 5E). Taken together, these results demonstrated that both Toll-1 and Toll-7 signaling

pathways in S2 cells require dMyd88 adapter, Tube and Pelle kinases to regulate gene expression. While Toll-1 mediated autophagy is

dMyd88 dependent, Toll-7 regulated autophagy is dMyd88 independent, and both Toll-1 and Toll-7 activated autophagy is ‘‘Tube-

Pelle-PP2A00 dependent.

Toll-1/-7 receptors and PP2A activity are required for autophagy and DA neuron survival in Drosophila brain

To confirm that Toll-1 and Toll-7 also mediate autophagy in Drosophila, we used elav-Gal4 to drive Toll-1 and Toll-7 RNAi as well as

constitutively expression of an inactive PP2A subunit (WdbDN) in flies, then accumulation of P62 protein and the number of dopamine

(DA) neurons in the brain were examined. In the brain of w1118 flies, almost no P62 accumulation was detected (Figure 6A, a1), while in

the brains of Toll-1 and Toll-7 RNAi as well as WdbDN overexpression flies, P62 puncta were distributed and detected (Figures 6A, a2-a4

and 6B).

DA neurons play a role in addictive behavior, arousal and sleep, learning and memory, locomotor activity, and aggression in Drosophila,

and autophagy dysfunction is associated with the number of DA neurons and neurodegenerative diseases in different animal

Figure 4. Toll-1 but not Toll-7 activated autophagy is dMyd88 dependent

(A‒D) Detection of LC3-I, LC3-II, and P62 proteins in S2 cells treated with dsRNAs for dMyd88, Tube, Pelle, and Cactus by immunoblotting. S2 cells stably

expressing RFP-GFP-LC3 were cultured in complete medium without treatment (control), or cultured in PBS instead of complete medium for 6 h (starved), or

co-transfected with pMT-TIR-1-V5 or pMT-TIR-7-V5 with dsRNA for GFP (dsGFP), dMyd88 (dsMyd88) (A), Tube (dsTube) (B), Pelle (dsPelle) (C), or Cactus

(dsCactus) (D), expression of TIR-1-V5 and TIR-7-V5 was detected by immunoblotting with mouse anti-V5 monoclonal antibody, LC3-I and LC3-II in these S2

cells were detected by rabbit anti-LC3 polyclonal antibody, P62 protein was detected by anti-Ref(2)P antibody, while tubulin was detected by mouse anti-

tubulin monoclonal antibody. Data were represented as means G SEM. For determination of relative protein level and significant differences, see Figure 1

legend.
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model.5–8,40–44 Using anti-TH antibody to label DA neurons in the brain, we showed that the number of TH-positive DA neurons (distribu-

tion in PAM region, Figure 6D) was significantly less in the Toll-1 and Toll-7 RNAi and WdbDN overexpression flies than in w1118 flies

(Figures 6A, b1-b4 and 6C). These results indicated that expression of Toll-1 and Toll-7 and PP2A activity are associated with autophagy

level and DA neuron survival.

Toll-1 and Toll-7 regulate DA neuron survival in Drosophila brain and control fly climbing ability

DJ-1 (Parkinson disease protein 7, DJ-1/PARK7) is a multifunctional protein involved in multiple enzymatic activities and in multilayered regu-

lation of protein synthesis. Abnormal level of DJ-1 can lead to widespread alterations of enzymatic activities under pathologic conditions.45

PINK1 (PTEN (phosphatase and tensin homolog)-induced kinase-1) is a mitochondrial serine/threonine protein kinase involved in mitochon-

drial control and dynamics. Loss of PINK1 results in mitochondrial dysfunction which is associated with Parkinson’s disease.46 GSK-3

(Glycogen synthase kinase-3) regulates the production of Ab peptides and the microtubule-associated protein tau, which is associated

with neuronal death. Phosphorylation of tau Ser396 by GSK-3 destabilizes microtubules in AD.47 The c-Jun N-terminal kinases (JNKs) are

multifunctional molecules which, on one hand, regulate various processes in brain development, repairing, and memory formation; on the

other hand, JNKs are potent effectors of neuronal death and neuroinflammation.48 We then examined expression of these key homologous

proteins associated with neurodegenerative diseases in the brains of adult flies.

The results showed that the abundance of DJ-1 protein was enhanced in the brains of TlI�RXA/Tlr632, Toll-7g1-5/Df(2R), andAtg8a1/Ymutant

flies, and PINK1 abundance was significantly decreased in the brains of TlI�RXA/Tlr632 and Toll-7g1-5/Df(2R)mutant flies, the level of phosphor-

JNK was increased in the TlI�RXA/Tlr632 mutant flies but decreased in the Toll-7g1-5/Df(2R) mutant flies, and phosphor-GSK3 level was signif-

icantly increased in the TlI�RXA/Tlr632 and decreased in Toll-7g1-5/Df(2R) and Atg8a1/Y mutant flies (Figure 7A).

To further confirm the role of Toll-1 and Toll-7 receptors in the autophagy process and in neuron survival, the numbers of DA neurons in the

brains of Toll-1 and Toll-7 mutant flies were examined. Significantly fewer numbers of TH-positive DA neurons were observed in the brains of

TlI�RXA/Tlr632, Toll-7g1-5/Df(2R), and Atg8a1/Ymutant flies compared to w1118 flies (Figure 7B), a result consistent with that of Toll-1 and Toll-7

Figure 5. Both Toll-1 and Toll-7 activated autophagy requires PP2A activity

(A and B) Expression of PP2A transcript in S2 cells after RNAi.

(C) Detection of LC3-I, LC3-II and P62 proteins in S2 cells after RNAi of PP2A by immunoblotting.

(D and E) Detection of PP2A activity in S2 cells treated with dsRNAs for several key genes in the Toll pathway. S2 cells stably expressing RFP-GFP-LC3 were

cultured in complete medium without treatment (control), or cultured in PBS instead of complete medium for 6 h (starved), or co-transfected with pMT-TIR-1-

V5 or pMT-TIR-7-V5 with dsRNA for GFP (dsGFP), PP2A (dsPP2A), dMyd88 (dsMyd88), Etc4 (dsEtc4), Traf6 (dsTraf6), Tube (dsTube), Pelle (dsPelle), or Cactus

(dsCactus), RNAi efficiency of PP2A gene was determined by qRT-PCR (A, B), expression of TIR-1-V5 and TIR-7-V5 was detected by immunoblotting with

mouse anti-V5 monoclonal antibody, LC3-I and LC3-II in these S2 cells were detected by rabbit anti-LC3 polyclonal antibody, P62 protein was detected by

anti-Ref(2)P antibody, while tubulin was detected by mouse anti-tubulin monoclonal antibody (C). PP2A activity in these S2 cells was determined with the

serine/threonine phosphatase assay system (D, E), and relative PP2A activity in the control samples was arbitrarily set as 1. Data were represented as

means G SEM. Significant difference was determined by the Student’s t test (A and B) and by one way ANOVA (C–E) (see Figure 1 legend).
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RNAi lines. We also performed TUNEL staining in fly brains, and the results showed that TUNEL signal was increased in the brains of TlI�RXA/

Tlr632, Toll-7g1-5/Df(2R), andAtg8a1/Ymutant flies compared tow1118 flies (Figure 7C), indicating that more neuronal cells died in the brains of

mutant flies. Since Toll-1 and Toll-7 can bind to Spz-1/-2/-5, and binding of Spz to Toll receptors activates the Toll pathway, we also examined

the numbers of DA neurons in Spz-1 (Spz-12/Df(3R), and Spz-14/Df(3R)), Spz-5 (Spz-5AW/Df(3L), and Spz-5e03444/Df(3L)) mutant flies (loss of

function Spz-1 and Spz-5 mutants). The numbers of DA neurons in the brains of Spz-1mutant lines were not significantly different from those

in thew1118 andDf(3L)/+ control flies, but DA neuron numberswere significantly fewer in the brains of Spz-5mutant flies than in the two control

flies (Figure S6).

Since DA neurons are related to locomotor ability, thus fly climbing assays were performed. The results showed that almost 100% of w1118

flies passed the target line in 2min, and about 70% of Toll-7g1-5/Df(2R), 55% of TlI�RXA, and 55% ofAtg8a1/Ymutant flies passed the target line

(Figure 7D), indicating that the climbing ability in Toll-1, Toll-7, andAtg8amutant flies was significantly impaired. Taken together, these results

indicated that proper expression of Toll-1 and Toll-7 as well as PP2A activity are required for maintaining a certain level of autophagy and the

number of DA neurons in the Drosophila brain.

DISCUSSION

Drosophila Toll family receptors not only play a vital role in innate immunity but also regulate embryonic development, brain size, cell

numbers, neuron survival, and brain plasticity.16,17,26 In this study, we showed that in Drosophila S2 cells, activation of Toll-1 and Toll-7

signaling pathways enhanced autophagy, and that in Drosophila adult brain, expression of Toll-1 and Toll-7 and PP2A activity were required

to maintain a certain level of autophagy in the brain for DA neuron survival. Significantly, we found that the ‘‘Tube-Pelle-PP2A00 axis is down-
stream of the Toll-1 and Toll-7 receptors and is necessary to sustain autophagy.

Activation of Toll-1 signaling stimulates formation of the ‘‘dMyd88-Tube-Pelle’’ complex, which then activates NF-kB transcription factors

Dif/Dorsal to regulate expression of immune genes such as Drs.49 Tube and Pelle kinases may also regulate the activity of protein phospha-

tases and kinases that participate in the autophagy process. We showed that Toll-1 and Toll-7 activated expression of Drs in S2 cells was

dMyd88 dependent, and Toll-1 but not Toll-7 mediated autophagy process was dMyd88 dependent, while both the Toll-1 and Toll-7 regu-

lated autophagy required Tube and Pelle kinases. Thus, Toll-1 and Toll-7 receptors require the adapter dMyd88 to recruit Tube and Pelle for

Figure 6. PP2A activity and expression of Toll-1 and Toll-7 receptors are required for autophagy and DA neuron survival in Drosophila brain

(A‒C) Detection of P62 protein and DA neurons in Drosophila adult brain.

(D) Schematic diagram of the PAM region inDrosophila adult brain. Brains from the control flies (w1118), Elav-Gal4 driven Toll-1 and Toll-7 RNAi flies, andWdbDN

flies which constitutively express an inactive PP2A subunit were dissected and fixed, P62 protein in the brain was detected with anti-Ref(2)P antibody (A, a1-a4) and

DA neurons were labeled with anti-TH antibody (A, b1-b4), then confocal images were taken. Scale bar: 50 mm in a1 to a4 and b1 to b4, 20 mm in the amplified

sections. P62 fluorescence intensity was quantified (B) andDA neurons were counted (C) in the PAM region (D) of at least 20 brains for each fly line by ImageJ. Data

were represented as means G SEM. Significant difference was determined by one way ANOVA (see Figure 1 legend).
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activation of immune genes, while Toll-1 also needs the ‘‘dMy88-Tube-Pelle’’ complex to activate autophagy through PP2A, Toll-7 may recruit

Tube and Pelle through its intracellular TIR domain or other adapter proteins (but not dMyd88) to alter PP2A activity in regulation of auto-

phagy. Since TIR-7 (�39 kDa) is larger than TIR-1 (�27 kDa), the extra polypeptide in TIR-7 may facilitate direct interaction of TIR-7 with

Tube and Pelle without adapter proteins. We also noticed that Toll-1 but not Toll-7 activated expression of DmAtg8a and DmInR genes is

dMyd88 dependent, thus, expression of autophagy-related genes mediated by Toll-7 is different from that by Toll-1. Our results indicated

that Toll-1 and Toll-7 signaling pathwaysmay regulate autophagy in twoways: regulating expression of autophagy-related genes and altering

the activity of protein phosphatases and kinases involved in autophagy.

Autophagy in neurons is dependent on classical Atg1/ULK1-Atg13 and Beclin1/Atg6-class III phosphatidylinositol 3-kinase (PtdIns3K)/

Vps34 complexes.2,3 We showed that in fly brain, loss of functions in Toll-1 and Toll-7 receptors increased the phosphorylation level of Akt

and Tor kinases which may impair the autophagy process in the brain, a result consistent with previous studies that Akt phosphorylation is

decreased in the Toll10b mutant flies in which the Toll-1 signaling is constitutively activated.50,51 DmInR was previously reported as a target

gene of FoxO in Drosophila.52 When insulin signal was insufficient, FoxO was activated to upregulate DmInR gene expression and phos-

phorylation level of Akt was decreased. We showed that DmInR gene expression was upregulated in Toll-1/-7 overexpressing S2 cells,

while total Akt protein (t-Akt) level did not change significantly (Figure S7A), suggesting that phosphorylation level of Akt was decreased.

But total Akt level was decreased in Toll-1, Toll-7 and Atg8a mutant flies compared to w1118 flies (Figure S7B). This may be due to more

t-Akt was phosphorylated to p-Akt in the mutant flies. In Toll-1 and Toll-7 mutant flies, accumulation of P62 and ubiquitinated proteins

increased, resulting in reduced number of DA neurons in the brain and decreased locomotor activity of flies, which were in line with

Atg8a mutant flies, indicating that Toll-1 and Toll-7 mediated autophagy influences the brain function of flies. Our results are in accordance

with those that Toll-1 and Toll-7 receptors are highly expressed in neuron cells21 and that higher level of autophagy is observed in neurons

than in other cell types,6,10 as expression of Toll family receptors is required to sustain the autophagy process for clearance of any protein

Figure 7. Toll-1 and Toll-7 regulate DA neuron survival in Drosophila brain and control fly climbing ability

(A) Detection of DJ-1, JNK, GSK3, and PINK1 proteins in Drosophila adult brain by immunoblotting. DJ-1, phosphorylated JNK (p-JNK), phosphorylated GSK3

(p-GSK3), and PINK1 proteins in the brains of the control flies (w1118), Toll-1 (TlI�RXA/Tlr632), Toll-7 (Toll-7g1-5/Df(2R)), and Atg8a1/Ymutant flies were detected by

immunoblotting, tubulin was detected as a loading control.

(B and C) Detection of DA neurons and apoptosis in Drosophila adult brain. Brains from different fly lines were dissected, DA neurons in the brain were labeled

with anti-TH antibody. Brains from these flies were also stained with TUNEL and anti-TH antibody (C). DA neurons number was counted (B, b5) and TUNEL

fluorescence intensity was quantified (C, c5) from at least 20 brains for each fly line by ImageJ. Scale bar: 50 mm in a1 to a4, 20 mm in the amplified sections.

(D) Locomotor ability of Drosophila adult flies. The w1118 flies, Toll-1, Toll-7, and Atg8a1/Ymutant flies were used for climbing assays to determine fly locomotor

ability. The percentage of flies passing the threshold line is represented every 10 s over the duration of the assay. For each genotype, 10 biological replicates,

each with 20 flies (a total of 200 flies), were used for the assays. Data were represented as means G SEM. Significant difference was determined by one way

ANOVA (a1–a4, b5, c5) (see Figure 1 legend) and by the Student’s t test (D, indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001).
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aggregates in neurons to maintain neuronal functions. We also showed that activation of Toll-1 and Toll-7 signaling pathways enhanced

PP2A activity in the Tube-Pelle dependent manner, a result in agreement with that PP2A subunits (PP2A-29B and Mts) are detected in the

Tube-Pelle complex.39 PP2A plays a role in cell cycle, self-renewal of neural stem cells, and autophagy by regulating the activity of many

kinases associated with cell signaling pathways such as Wnt, PI3K-Akt and MAPK pathways.53,54 PP2A complex plays an essential role in

regulation of autophagy. PP2A-A/wdb/C complex acts upstream of dTOR, whereas PP2A-A/B’/C complex functions as a target of dTOR

and may regulate elongation of autophagosomes and their subsequent fusion with lysosomes.30 Thus, Toll-1 and Toll-7 signaling pathways

associated with PP2A activity in the brain are necessary to sustain autophagy in neurons, consistent with previous studies that Toll recep-

tors are involved in deciding cell fate.16,17

Triggering of Toll signaling requires binding of Spz proteins to Toll receptors.12We showed that unlike in the Toll-1 and Toll-7 mutant flies,

decrease in the numbers of DA neuronswas not signficant in the Spz-1 but was significant in Spz-5mutant flies, suggesting that Spz-5may be a

ligand for Toll-1 and Toll-7 receptors in the brain. It is also possible that Toll-1 and Toll-7 bind to multiple Spz ligands in the brain, and the

overall effect of Toll-1 and Toll-7 signaling pathways determines the autophagy process and DA neuron survival.

Autophagy dysfunction can result in accumulation of P62 and ubiquitinated proteins and is always associatedwith loss of neurons in neuro-

degenerative diseases such as Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease.5–7,55,56 PP2A is a key molecule in self-

renewal of Drosophila neural stem cells, and PP2A dysfunction has an impact on asymmetric cell division that results in hyperproliferation

of neuroblasts.53 Phosphorylation of JNK (p-JNK) and GSK3 (p-GSK3), the two kinases with important roles in apoptosis, cell cycle progres-

sion, cell renewal, differentiation, stem cell biology, and survival,57 was inhibited by PP2A activity, and loss of PP2A activity caused hyperac-

tivity of p-JNK and p-GSK3, resulting in a phenotype resembling brain tumors.53,54 We showed that in the brains of Toll-1 mutant flies, p-JNK

and p-GSK3 levels were increased, which may result from decrease in Toll-1-mediated PP2A activity, and the number of DA neurons was

decreased. It has been reported that activation of Toll-7 signaling enhances phosphorylation of JNK through Ect-4,16,26 thus in the brains

of Toll-7 mutant flies, loss of function in Toll-7 receptor may result in decreased p-JNK level. In conclusion, our results indicated that

Toll-1 and Toll-7 receptors regulate the autophagy level through PP2A in the brain to sustain the numbers of dopamine neurons andmaintain

neuronal functions.

Limitations of the study

DA neurons are associated with multiple behaviors in flies. We only detected locomotor ability using climbing assay in Toll-1/-7 mutant flies

and are not sure whether loss of functions in Toll-1/-7 receptors also has an impact on other behaviors, such as learning, memory, and aggres-

sion. In addition, we used young flies (3-day adults) to study the functions of Toll-1/-7 receptors in maintaining autophagy level in the brain to

sustain the numbers of dopamine neurons, we do not know whether, with aging, more dopamine neurons would be lost in old Toll-1/-7

mutant flies. Finally, we did not perform rescue experiments in Toll-1/-7 mutants by artificially inducing autophagy either through rapamycin

treatment or Atg1 overexpression, thus a direct link between Toll signaling, autophagy induction, and neuron survival and function needs to

be determined in future study.
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and Juhász, G. (2015). How and why to study
autophagy in: It’s more than just a garbage
chute. Methods (San Diego, Calif.) 75,
151–161.

37. L}orincz, P., Mauvezin, C., and Juhász, G.
(2017). Exploring Autophagy in Drosophila.
Cells-Basel 6, 22.

38. Denton, D., Chang, T.K., Nicolson, S.,
Shravage, B., Simin, R., Baehrecke, E.H., and
Kumar, S. (2012). Relationship between
growth arrest and autophagy in midgut
programmed cell death in Drosophila. Cell
Death Differ. 19, 1299–1307.

39. Kanoh, H., Kato, H., Suda, Y., Hori, A., Kurata,
S., and Kuraishi, T. (2019). Dual
comprehensive approach to decipher the
Drosophila Toll pathway, ex vivo RNAi

screenings and immunoprecipitation-mass
spectrometry. Biochem. Biophys. Res.
Commun. 508, 332–337.

40. Alekseyenko, O.V., Chan, Y.B., Li, R., and
Kravitz, E.A. (2013). Single dopaminergic
neurons that modulate aggression in. Proc.
Natl. Acad. Sci. USA 110, 6151–6156.

41. Bjordal, M., Arquier, N., Kniazeff, J., Pin, J.P.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

V5-tag Sigma-Aldrich Cat#V-8012; RRID: AB_261888

FLAG tag Sigma-Aldrich Cat#F-1804; RRID: AB_262044

Tubulin Sigma-Aldrich Cat#T9026; RRID: AB_477593

LC3 Sigma-Aldrich Cat#L7543; RRID: AB_796155

phosphor-Tor Cell Signaling Technology Cat#5536; RRID: AB_10691552

phosphor-Akt Cell Signaling Technology Cat#4054; RRID: AB_331414

Akt Cell Signaling Technology Cat#9272; RRID: AB_329827

Dj-1 Cell Signaling Technology Cat#5933; RRID: AB_11179085

phosphor-JNK Cell Signaling Technology Cat#9251; RRID: AB_331659

PINK-1 Cell Signaling Technology Cat#6946; RRID: AB_11179069

phosphor-GSK3 Cell Signaling Technology Cat#9316; RRID: AB_659836

Ref(2)P (p62) Abcam Cat#ab178440; RRID: AB_2938801

Atg8 Abcam Cat#ab109364; RRID: AB_10861928

Ubiquitin PTM biolabs Cat#PTM-1106; RRID: N/A

Tyrosine hydroxylase Novus Biologicals Cat#NB300-109; RRID: AB_10077691

HRP-conjugated goat anti-rabbit IgG Beyotime Cat#A0208; RRID: AB_2892644

HRP-conjugated goat anti-mouse IgG Beyotime Cat#A0216; RRID: AB_2860575

Goat anti-rabbit IgG, Alexa Fluor 568 Invitrogen Cat#A-11011; RRID: AB_143157

Experimental models: Cell lines

D. melanogaster Schneider 2 (S2) cells This study N/A

RFP-GFP-LC3-S2 cells This study N/A

Experimental models: Organisms/strains

w1118 Storage in lab N/A

Tlr632/TM6B Storage in lab N/A

TlI�RXA/TM6B Storage in lab N/A

Toll-7g1-5/Cyo Storage in lab N/A

w; pmCherryAtg8a Lab of Neal Silverman N/A

Atg8a1 Bloomington Drosophila Stock Center BDSC:10107

Spz-12/TM1 Bloomington Drosophila Stock Center BDSC:3115

Spz-14/TM3, Sb1 Bloomington Drosophila Stock Center BDSC:30915

w1118; PBac{RB}spz5e03444 Bloomington Drosophila Stock Center BDSC:18155

Spz-5AW18/TM6B, Tb1 Bloomington Drosophila Stock Center BDSC:64069

Elav-Gal4/Cyo Bloomington Drosophila Stock Center BDSC:8765

Df(2R)BSC22/SM6a Bloomington Drosophila Stock Center BDSC:6647

Df(3L)Exel6092/TM6BlacZ Bloomington Drosophila Stock Center BDSC:7571

Df(3R)ro80b, st1e1/TM3, Sb1 Bloomington Drosophila Stock Center BDSC:2198

UAS-Toll-1 RNAi Tsinghua Fly Center THU4003

UAS-Toll-7 RNAi Tsinghua Fly Center THU3507

UAS-wdbDN Lab of Sheng Li BDSC:53708

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, reagents and source data should be directed to and will be fulfilled by the lead contact, Xiao-

Qiang Yu (xqyu@m.scnu.edu.cn). In key resources table section labeled with ‘‘this study’’, which means resources generated and stored in

Professor Xiao-Qiang Yu lab, School of Life Sciences, South China Normal University, Guangzhou 510631, China.

Materials availability

This study did not create new unique reagents. Further information and requests for resources and reagents listed in key resources table

should be directed to the lead contact.

Data and code availability

� The dataset is publicly available as of the date of publication.

� This study did not report the original code.
� Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly stocks and cells

Wild-type w1118, Toll-1 mutant (Tlr632/TlI�RXA), Toll-7 mutant (Toll-7g1-5/Df(2R)BSC22) and Toll-7g1-5/Cyo flies used in this study were main-

tained in the laboratory,29 other Drosophila lines were purchased either from Bloomington Drosophila Stock Center or Tsinghua Fly Center,

allDrosophila lines used in this study are listed in key resources table. In theAtg8a1/Y line (w1118 P{EP}Atg8aEP362, Stock number 10107), due

to a UAS-P-element located in the 50 terminal region of the Atg8a gene, Atg8a mRNA level was significantly reduced. Since Atg8a gene is

located in X chromosome, all Atg8a1/Y flies used in the expreriment were males. The pmcherry-Atg8a lines (in which pmcherry-Atg8a

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bc/Cyo; MKRS/TM6B Lab of Sheng Li N/A

Toll-1 mutant Genotype: Tlr632/TlI�RXA N/A

Toll-7 mutant Genotype: Toll-7g1-5/Df(2R)BSC22 N/A

Spz-1 mutant Genotype: Spz-12/Df(3R)ro80b N/A

Spz-1 mutant Genotype: Spz-14/Df(3R)ro80b N/A

Spz-5 mutant Genotype: Spz5AW/Df(3L)Exel6092 N/A

Spz-5 mutant Genotype: Spz5e03444/Df(3L)Exel6092 N/A

Atg8a mutant Genotype: Atg8a1/Y N/A

Oligonucleotides

Primers used for double-stranded RNA (dsRNA) synthesis,

see Table S1

This study N/A

Primers used for quantitative real-time PCR, see Table S2 This study N/A

Recombinant DNA

pMT/BiP/V5-His A Invitrogen Cat#V413020

pAc5.1/V5-His A Invitrogen Cat#V4110-20

pMT-Toll-1FL Storage in lab N/A

pMT-Toll-7FL Storage in lab N/A

pMT-TIR-1 Storage in lab N/A

pMT-TIR-7 Storage in lab N/A

pMT-Spz-1 Storage in lab N/A

pMT-Spz-2 Storage in lab N/A

pMT-Spz-5 Storage in lab N/A

pMT-Spz-1FL This study N/A

pAc5.1-RFP-GFP-LC3 This study N/A
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gene is located in either chromosome II or III) were gifts from Professor Neal Silverman (Department of Medicine, University of Massachusetts

Medical School), and in these lines, about 2-kb promoter region of Atg8a (CG32672) gene was inserted into the upstream ofmCherry-Atg8a

and cloned into pCaSpeR4 vector for Drosophila transformation to generate the transgenic lines as described.38 UAS-wdbDN (UAS-PP2ADN,

Stock number 53708) and Bc/Cyo;MKRS/TM6B flies were gifts from Professor Sheng Li (School of Life Sciences, South China Normal Univer-

sity). Tlr632/TM6B, TlI�RXA/TM6B, and pmcherry-Atg8a flies (in which pmcherry-Atg8a gene is located in chromosome II) were crossed with

Bc/Cyo; MKRS/TM6B flies, respectively, to generate Bc/Cyo; Tlr632/TM6B, Bc/Cyo; TlI�RXA/TM6B, and pmcherry-Atg8a/Cyo; MKRS/TM6B

flies. Then Bc/Cyo; Tlr632/TM6B or Bc/Cyo; TlI�RXA/TM6B flies were crossed with pmcherry-Atg8a/Cyo; MKRS/TM6B flies to generate

pmcherry-Atg8a/Cyo; Tlr632/TM6B or pmcherry-Atg8a/Cyo; TlI�RXA/TM6B flies. These two fly lines were crossed to generate pmcherry-

Atg8a; Tlr632/TlI�RXA line, in which autophagywas detected by formation ofmcherry-Atg8a puncta under loss of Toll-1 function. Same crossing

strategywas designed to generate Toll-7g1-5/Df(2R)BSC22;pmcherry-Atg8a line by using Toll-7g1-5/Cyo,Df(2R)BSC22/SM6a,pmcherry-Atg8a

(in which pmcherry-Atg8a gene is located in chromosome III), and Bc/Cyo;MKRS/TM6B flies. Spz-1 mutant flies were generated by crossing

Spz-12/TM1 or Spz-14/TM3, Sb1 flies with Df(3R)ro80b, st1e1/TM3, Sb1 flies to obtain Spz-12/Df(3R)ro80b and Spz-14/Df(3R)ro80b lines which

are Spz-1 loss of function. Spz-5 mutant flies were generated by crossing w1118; PBac{RB}Spz5e03444 or Spz-5AW18/TM6B, Tb1 flies with Df(3L)

Exel6092/TM6BlacZ to obtain Spz5e03444/Df(3L)Exel6092 and Spz5AW/Df(3L)Exel6092 lines which are Spz-5 loss of function. All the mutant

Drosophila lines generated and used in this study are listed in key resources table. All flies were cultured on standard corn-meal diet at

25�C under 12 h light/dark cycle. All mutant flies were used at the same age and sex with w1118 flies (3 days old, male).

D. melanogaster Schneider 2 (S2) cells were originally purchased from American Type Culture Collection (ATCC, www.atcc.org) andmain-

tained at 25�C in SF-X medium (Hyclone, SH30610.02) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen,

10082063).

METHOD DETAILS

Construction of recombinant protein expression vectors

For assays conducted in S2 cells, cDNAs encoding full-length Toll-1, Toll-7 and their TIR domains (TIR-1, TIR-7) were PCR amplified and then

cloned in-frame into pMT/BiP/V5-His A vector (Invitrogen, V413020) which uses the MT (Metallothionein) promoter and has a C-terminal

V5 tag, and cDNAs encoding mature active spätzles (Spz-1, Spz-2 and Spz-5) and full-length Spz-1 (Spz-1FL) were also PCR amplified and

cloned into a modified pMT/Bip A vector that has an N-terminal FLAG tag as described previously.29

To detect autophagy flux in S2 cells, recombinant plasmid pAc5.1-RFP-GFP-LC3was constructed. The cDNA containing RFP-GFP-LC3 was

purchased from Hanbio Company (HB-LP210), cDNA sequences encoding red fluorescence protein (RFP) and green fluorescence protein

(GFP) were fused with LC3 (MAP1LC3B, Homo sapiens microtubule-associated protein 1 light chain 3 beta). Then the cDNA was amplified

by PCR with forward primer (50-ATA TGA TAT CAT GGT GAG CAA GGG CGA GGA GGA T-30) and reverse primer (50-ATA TGC GGC

CGC TTA CAC TGA CAA TTT CAT CCC GAA CGT-30) using the following conditions: 98�C for 5 min, 35 cycles of 94�C for 30 s, 58�C for

30 s, 72�C for 90 s, and a final extension at 72�C for 10 min. The PCR product was then cloned in-frame into pAc5.1/V5-His A (Invitrogen,

V4110-20) vector with actin5C promoter in Eco RV and Not I restriction enzyme sites. The recombinant construct was Sanger sequenced

(Sangon Biotech, China) to confirm the sequence identity.

Transient transfection and establishment of stable S2 cell lines

Transient transfection in S2 cells was performed as described previously58 for expression of recombinant GFP, Toll-1, Toll-7, TIR-1, TIR-7,

Spz-1, Spz-2, Spz-5, and Spz-1FL (full-length Spz-1). In brief, S2 cells (33106 cells/well) were seeded overnight in SF-X medium with 5%

FBS to �70% confluence, and then transfected with recombinant expression vector (pMT-GFP-V5, pMT-TIR-1-V5, pMT-TIR-7-V5, pMT-

Toll-1-V5, pMT-Toll-7-V5, pMT-Spz-1-Flag, pMT-Spz-2-Flag, pMT-Spz-5-Flag, or pMT-Spz-1FL-Flag) using Effectene Transfection reagent

(Qiagen, 301427) according to the manufacturer’s instructions. After 12 h transfection, copper sulfate was directly added to the culture me-

dium to a final concentration of 500 mM, and the cells were incubated for 60 h. Cell culture media and S2 cells were collected, and cells were

lyzed with NP-40 cell lysis buffer. Cell culture medium and cell lysate samples were analyzed for protein expression by immunoblotting

analysis.

S2 cell lines stably expressing RFP-GFP-LC3, TIR-1-V5 and TIR-7-V5 were established following previously established protocol29 using

Effectene Transfection reagent. Briefly, S2 cells (0.5–13106 cells/well) were plated in 30-mmcell culture dishes and cells were grown over night

to 70–80% confluency prior to transfection. Then, pCoBlast (Invitrogen, K5120-01) was co-transfectedwith recombinant pAc5.1-RFP-GFP-LC3,

pMT-TIR-1-V5 and pMT-TIR-7-V5 vectors, respectively (pCoBlast: expression vector = 1:20) in S2 cells for 48 h, old cell culture medium was

removed and replaced with complete growth medium containing 25 mg/mL of Blasticidine S hydrochloride (Sigma-Aldrich, 15205) and cells

were cultured for 72 h. This culture process was repeated to select resistant S2 cells. Resistant colonies appeared about 1–2 weeks later. S2

cells which were resistant to Blasticidine S hydrochloride were selected and expression of recombinant proteins in S2 cells were detected by

immunoblotting analysis. These S2 cells were selected for passage and used for the following experiments.

Immunoblotting analysis

Protein samples used for immunoblotting analysis of recombinant proteins were prepared from transiently transfected S2 cells or S2 cells sta-

bly expressing recombinant proteins described above. To detect protein abundance in fly heads, fly heads (at least 20 individuals per
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genotype line) were homogenized in RIPA lysis buffer containing protease inhibitors on ice. The homogenates were centrifuged for 10 min at

10,000 g at 4�C and the supernatants were collected for analysis. Total protein concentrations were determined using the BCA Protein Assay

Kit (Beyotime, China). Equal amounts of total proteins (50 mg) were loaded to 10%, 12% or 15% SDS-PAGE, proteins were transferred to poly-

vinylidene difluoride (PVDF) membranes (Bio-Rad), and the membrane was probed with one of the following primary antibodies: anti-V5-tag,

anti-Flag-tag or anti-tubulin mouse monoclonal antibody, anti-LC3 rabbit polyclonal antibody (Sigma), anti-phosphor-Tor rabbit monoclonal

antibody (Cell Signaling Technology, 5536), anti-Tor rabbit polyclonal antibody (ABclonal, A11354), anti-phosphor-S6K rabbit polyclonal anti-

body (ABclonal, AP0564), anti-S6K rabbit polyclonal antibody (ABclonal, A2190), anti-phosphor-Akt rabbit polyclonal antibody (Phospho-

DrosophilaAkt S505, Cell Signaling Technology, 4054), anti-Akt rabbit polyclonal antibody (Cell Signaling Technology, 9272), anti-DJ-1 rabbit

monoclonal antibody (Cell Signaling Technology, 5933), anti-phosphor-JNK rabbit polyclonal antibody (Cell Signaling Technology, 9251),

anti-PINK-1 rabbit monoclonal antibody (Cell Signaling Technology, 6946), anti-phosphor-GSK3 rabbit monoclonal antibody (Cell Signaling

Technology, 9316), anti-Ref(2)P (P62) rabbit polyclonal antibody (abcam, ab178440), anti-Atg8 rabbit polyclonal antibody (abcam, ab109364),

or anti-ubiquitin rabbit monoclonal antibody (PTM biolabs, PTM-1106). The secondary antibody used for detection of P62, LC3, ubiquitin,

DJ-1, phosphor-JNK, PINK1, phosphor-GSK3, Akt and phospho-Akt was HRP (horseradish peroxidase)-conjugated goat anti-rabbit IgG

(Beyotime, A0208), and secondary antibody used for detection of V5-tag, FLAG-tag and tublin was HRP-conjugated goat anti-mouse IgG

(Beyotime, A0216). All primary antibodies but anti-tubulin (1:1000), anti-tubulin (1:3000) and secondary antibodies (1:3000) were diluted in

5% dry skim milk prepared in Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBS-T). Detection was performed using ECL reagent

(Bio-Rad). Protein bands (LC3-I, LC3-II, p-Akt, total Akt, and tubulin) were scanned using ImageJ (at least 3 membranes for each protein), rela-

tive protein level was calculated by first dividing the gray value of p-Akt band by the gray value of total Akt band, and then dividing this value

by the gray value of tubulin band, or by first dividing the gray value of p-Tor band (or p-S6K band) by the gray value of total Tor band (or total

S6K band), and then dividing this value by the gray value of tubulin band, or by dividing the gray value of P62 or LC3-II band by the gray value

of tubulin band. Relative protein level in the control samples was arbitrarily set as 1.

Immunofluorescence and confocal microscopy

Whole brains were collected from 3-day old adult flies. Briefly, brains were dissected in PBS, fixed in PBS containing 4% formaldehyde for 1 h,

washedwith 1% PBT (100 mL Triton X-100 in 10mL PBS) three times (each for 5min), and incubatedwith 5% bovine serum albumin (BSA) in PBS

to block nonspecific binding. Then, the brains were incubated with primary antibody (1:200 of anti-tyrosine hydroxylase (anti-TH) rabbit poly-

clonal antibody (Novus Biologicals, NB300-109), or 1:400 of anti-Ref(2)P in PBT) for two nights at 4�C, washed with PBT four times (each for

10 min), incubated with secondary antibody (Alexa Fluor 568 goat anti-rabbit IgG, 1:400 in PBT) at 4�C overnight, and washed with PBT three

times (each for 10min). Finally, the brains weremounted in antifadingmountingmediumwith DAPI and observed under a confocal laser scan-

ning microscope (Olympus Microsystems FV3000, CA, USA). The magnification used to scan whole brain was 203, and the amplified section

was 403. At least 20 brains were used for counting DA neurons number, or for quantification of fluorescence signal intensity by ImageJ.

In S2 cells stably expressing RFP-GFP-LC3, the fluorescence of both RFP (red) andGFP (green) were detected in the autophagosomes, and

thus yellow puncta were observed, while in the acidified autolysosomes, the green fluorescence of GFP was quenched, therefore only red

puncta (the fluorescence of RFP) were observed.31 To detect autophagy flux, S2 cells stably expressing RFP-GFP-LC3 were transfected

with pMT-Toll-1-V5 or pMT-Toll-7-V5 using Effectene Transfection reagent as described above. After transfection for 12 h, copper sulfate

was directly added to the culturemedium to a final concentration of 500 mM to induce expression of Toll-1 or Toll-7 for 24 h, then Spz-1 condi-

tioned medium was added and the cells were incubated for 36 h (500 mL conditioned medium in 2 mL of complete medium). Cells were

starved by culturing in PBS instead of complete culture medium for 20 min or 6 h. The cells were collected and fixed with 4% paraformalde-

hyde, permeabilized with 1% Triton X-100, blocked with 5% BSA blocking solution, and then mounted in antifading mounting medium with

DAPI. All images were acquired using a confocal microscope (Olympus Microsystems FV3000).

TUNEL staining

Whole brains were collected from 3-day old adult flies. The brain was fixed in 4% formaldehyde for 1 h at room temperature, washed with 1%

PBT (100 mL Triton X-100 in 10 mL PBS) three times (each for 5 min), TUNEL (TdT-mediated dUTP Nick-End Labeling) staining was performed

using the One Step TUNEL Apoptosis Assay Kit by Beyotime Company (C1088).

Fly climbing assay

The fly climbing assay was performance following a describedmethod59 with 1-week old adult flies. The climbing ability was described as the

percentage (%) of total number of flies that were able to climb 17.5 cm in 120 s over total number of flies in each assayed group. The percent-

age of flies which passed the threshold line is represented every 10 s over duration of the assay. For each genotype, 10 biological replicates

(each with 20 flies, a total of 200 flies) were performed.

RNAi in S2 cells

For RNA interference (RNAi) experiments in S2 cells, DNA templates used for double-stranded RNA (dsRNA) synthesis were amplified by PCR

using a pair of primers (Table S1), with T7 RNA polymerase-binding site (50-GGATCCTAATACGACTCACTATAGG-30) attached to the 50-end
of each primer, and dsRNA was synthesized using T7 RiboMAX Express RNAi kit (Promega, P1700) according to the manufacturer’s
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instructions. GFP dsRNA was used as a control. S2 cells were seeded overnight in SF-X medium with 5% FBS to �70% confluence in six-well

plate, and then transfected with dsRNA (10 mg per well) using Effectene Transfection reagent as described previusly.58 After transfection for

72 h, cells were collected for qRT-PCR and immunoblotting analyses.

Quantitative real-time PCR

Total RNA was extracted from S2 cells (at least 1 3 106 cells) by TRIzol (TakaRa, 9108) according to the manufacturer’s instructions, resus-

pended in 50 mL of nuclease-free water, and RNA concentration was detemined by Nanodrop UV-Vis spectrophotometer (Thermo scientific,

ND-1000).

Total RNA (2–3 mg) from each sample was used for cDNA synthesis using reverse transcriptase (RTase) (Promega, USA) and oligo dT18
primer (Intergrated DNA Technologies, USA) at 42�C for 60 min in a 25-mL reaction volume. Real-time PCR was performed using an Applied

Biosystems with an SYBR Green qPCR mix (Roche, USA) in 20-mL reactions containing 10 mL SYBR premix, 4 mL H2O, 1 mL each of forward and

reverse primer (10 pmol/mL), 2 mL of cDNA template (1:20 diluted in deionized H2O), using the following program: 50�C for 2 min, 95�C for

10min, followedby 40 cycles of 95�C for 15 s, 60�C for 1min and the dissociation curve analysis. Three biological replicates and three technical

replicates were performed. Relative gene expression was determined by the 2�DDCt method60 using rp49 as a reference gene. Primers used

for qRT-PCR experiments are listed in Table S2. The qRT-PCR experiment was in compliance with the criteria of the MIQE guidelines.61

PP2A activity assay

PP2A activity in S2 cells was determined using the serine/threonine phosphatase assay system (Promega, V2460) according to the manufac-

turer’s instruction. Briefly, S2 cells were collected and lysed in phosphatase lysis buffer (20 mM HEPES (pH 7.4), 10% glycerol, 0.1%NP-40,

30 mM b-mercaptoethanol, 1 mM EGTA), and phosphatase activity was measured using a PP2A-specific buffer (50 mM imidazole (pH 7.2),

0.2 mM EGTA, 0.03% b-mercaptoethanol, 0.1 mg/mL BSA). Free phosphate generated from a synthetic phosphothreonine peptide

(RRA(pT)VA) specifically removed by PP2A was quantified by measuring molybdate/malachite green/phosphate complex at 600 nm as

previously described.62

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were repeated with three independent biological samples (or three independent cell cultures), three replicates of each sample

were analyzed for each experiment, data were represented as means G SEM, and a typical set of data was used to make figures using the

GraphPad Prism (GraphPad, CA). Significance of difference was determined by one way ANOVA followed by a Tukey’s multiple comparison

tests using GraphPad Prism, and identical letters are not significant difference (p > 0.05) while different letters (a, b, c, d, etc.) indicate

significant difference (p < 0.05). Significant difference was also determined by the Student’s t test and indicated by * p < 0.05, ** p < 0.01,

and *** p < 0.001, ns for non-significant.
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