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            Abstract
Insulin/insulin-like growth factor signalling (IIS) is a critical regulator of an organismâ€™s most important biological decisions from growth, development, and metabolism to reproduction and longevity. It primarily does so through the activity of the DAF-16 transcription factor (forkhead box O (FOXO) homologue), whose global targets were identified in Caenorhabditis elegans using whole-worm transcriptional analyses more than a decade ago1. IIS and FOXO also regulate important neuronal and adult behavioural phenotypes, such as the maintenance of memory2 and axon regeneration3 with age, in both mammals4 and C. elegans, but the neuron-specific IIS/FOXO targets that regulate these functions are still unknown. By isolating adult C. elegans neurons for transcriptional profiling, we identified both the wild-type and IIS/FOXO mutant adult neuronal transcriptomes for the first time. IIS/FOXO neuron-specific targets are distinct from canonical IIS/FOXO-regulated longevity and metabolism targets, and are required for extended memory in IIS daf-2 mutants. The activity of the forkhead transcription factor FKH-9 in neurons is required for the ability of daf-2 mutants to regenerate axons with age, and its activity in non-neuronal tissues is required for the long lifespan of daf-2 mutants. Together, neuron-specific and canonical IIS/FOXO-regulated targets enable the coordinated extension of neuronal activities, metabolism, and longevity under low-insulin signalling conditions.
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                    Figure 1: Identification of neuronal IIS/FOXO targets requires neuronal isolation.


Figure 2: RNA-seq transcriptional profile of isolated neurons reveals IIS/FOXO neuronal transcriptome.


Figure 3: FKH-9 is a direct target of DAF-16 and is expressed in mechanosensory neurons.


Figure 4: FKH-9 is required for improved axon regeneration, short-term associative memory and lifespan in daf-2 mutants.
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Extended data figures and tables

Extended Data Figure 1 Tissue-specific rescue of DAF-16 activity in daf-16;daf-2 mutants identifies distinct gene expression profiles.
a, DAF-16 tissue-specific transgenics; heatmap of all genes with expression differences â‰¥1.5-fold in â‰¥3 arrays. b, Significant gene ontology (GO) cluster terms from Punc-119::daf-16-regulated up- and downregulated genes (enrichment score >1). c, Pairwise Pearson correlations between arrays of DAF-16-upregulated or downregulated targets. The red box highlights the negative correlation between neuronal DAF-16 rescued targets (Punc-119::daf-16::gfp;daf-16;daf-2 vs daf-16;daf-2) and intestinal DAF-16 targets (Pges-1::daf-16::gfp;daf-16;daf-2 vs daf-16;daf-2), while the blue box shows the positive correlation between intestinal DAF-16 targets (Pges-1::daf-16::gfp;daf-16;daf-2 vs daf-16;daf-2) and whole-worm DAF-16 targets (Pdaf-16::daf-16::gfp; daf-16;daf-2 vs daf-16;daf-2). The green box shows the weak correlation between neuronal rescued and whole-worm DAF-16 targets. d, Tissue enrichment analysis (meanâ€‰Â±â€‰s.e.m.) of significant DAF-16-rescued up- and downregulated genes (Supplementary Table 1) (FDR <0.5). e, Significant GO terms (adjusted P valueâ€‰<â€‰0.05) for DAF-16 upregulated and downregulated genes from whole worm, intestine-, neuron- and muscle-rescued DAF-16 strains. Genes used for GO analysis (Supplementary Table 2) were derived from SAM analysis of the microarrays in a and Supplementary Table 1.


Extended Data Figure 2 Protocol for isolating neuron-specific targets using FACS followed by RNA-sequencing.
a, Pipeline for isolation of adult cells for FACS and RNA sequencing. b, Workflow for RNA-seq data analysis of isolated neurons. c, Heatmap of wild-type neuron-expressed relative to whole-worm-expressed genes. d, Actinomycin D (transcription inhibitor) treatment (100â€‰Î¼gâ€‰mlâˆ’1) during the cell isolation process demonstrates that the neuron isolation technique induces minimal transcriptional changes in wild type animals. Gene ontology (GO) terms represent genes upregulated in the absence of actinomycin D (Fig. 1b, Supplementary Table 4). e, The 26 differentially expressed genes from actinomycin D treatment are listed. f, C. elegans tissue gene expression prediction confirms neuronal character of adult wild-type neuron-enriched genes. Neuron-enriched genes were divided among equal bins according to P value. Bin 1: FDR <0.003%; bin 2: 0.003â€“0.03%; bin 3: 0.03â€“1.3%; bin 4: 1.3â€“4%; bin 5: 4â€“10%. g, Principal component analysis (PCA) shows a clear separation between wild-type adult neuronal and whole-worm samples. h, Downsampling of wild-type neuron sequencing reads demonstrates sufficient sampling depth. The number of genes detected at the 3 counts per million threshold (for expressed genes) with different proportions of total sequencing depth analysed.


Extended Data Figure 3 Neuron-expressed genes identified by our method are confirmed to be expressed in adults and have adult neuronal functions.
a, Promoterâ€“GFP transcriptional fusions of candidate uncharacterized neuronal genes (day 1 of adulthood). b, Gene ontology clusters were generated from the categories in Fig. 1e. Non-overlapping GO terms suggest a transition from development-related processes in embryonic and larval animals to neuronal processes involved in behaviour in adults (Supplementary Table 5). c, Venn diagram depicting the overlap between genes classified as â€œexpressedâ€� among embryonic and larval neurons16 and adult neurons from our RNA-seq analysis (Supplementary Table 5).


Extended Data Figure 4 Comparison of neuronal DAF-16 targets with wild-type neuronal targets and whole-worm DAF-16 targets.
a, Principal component analysis of the whole worm and isolated adult neuron samples obtained for this study. b, Venn diagram depicting the overlap of daf-2- and daf-16;daf-2-expressed genes with those expressed in wild-type adult neurons. c, Spearman correlation of whole-worm and isolated adult neuron samples. d, The DAF-16 cell-autonomous and cell-non-autonomous targets are distinct. The number of genes that overlap between neuronal DAF-16-rescued whole-worm targets (Punc-119::daf-16::gfp;daf-16;daf-2 vs daf-16;daf-2) and isolated neuron IIS targets (daf-2 vs daf-16;daf-2) is shown (Supplementary Table 8). Hypergeometric distribution analysis (P values) shows that the extent of overlap between the gene categories is not significant.


Extended Data Figure 5 Promoter analysis and gene ontology term analysis of neuronal IIS/FOXO genes.
a, The different classes of neuronal IIS/FOXO genes shown in Fig. 2b were analysed for DBE and DAE sequences in the 1â€‰kb upstream promoter regions. The genome-wide percentage of DBE and DAE occurrences across the 1â€‰kb promoters of all gene-encoding regions is reported. Comparison of whole-worm (Class I)8 vs neuronal-IIS/FOXO-regulated targets. P values: hypergeometric distributions. b, GO terms of Class I whole worm8 vs neuronal-IIS upregulated genes (left) and Class II whole worm8 vs neuronal-IIS downregulated genes (right) (Supplementary Table 5).


Extended Data Figure 6 Short-term associative memory phenotypes obtained upon knocking down neuronal IIS genes in daf-2 mutants and wild-type animals.
daf-2 is required for various forms of C. elegans associative learning2,27,31,32,33,34. daf-16 is required for the improvements and extensions of abilities with age of daf-2 mutants2. daf-2 mutants are defective for salt chemotaxis learning27,31,32, and daf-16 is not involved in salt chemotaxis learning27,31,32. Furthermore, salt learning utilizes a unique daf-2c isoform27 in a daf-16-independent manner31, suggesting a learning mechanism distinct from the associative memory paradigms studied here. We are specifically interested in understanding how activation of DAF-16 results in the improved and extended abilities of daf-2 mutants to carry out olfactory associative learning2, short-term associative memory2,34, and long-term associative memory2, all of which require daf-16. a, Chemotaxis index profile of wild type (N2) and daf-2 animals at time points following memory training. b, RNAi knockdown of sod-3, a non-neuronal DAF-16-regulated target that influences lifespan, has no effect on the extended short-term associative memory (STAM) of daf-2 mutants when treated with RNAi-feeding bacteria throughout the whole life (b) or only the post-developmental (adult-only) period (c, d) of the animal. daf-2 worms treated with daf-16 RNAi have defective STAM, as previously reported2. e, Knockdown of the neuronal IIS candidate genes zip-5 and best-23 does not affect STAM. Time-courses showing the chemotaxis index for each time point are shown in d and e. Learning indices are shown in b, c, f and g. bâ€“e, Two-way repeated measures ANOVA, Bonferroni post hoc tests. f, Treatment of daf-2 worms with neuronal DAF-16 target RNAi does not affect short-term associative learning. g, Neuronal-RNAi sensitive worms (Punc-119::sid-1) in a wild-type background were treated only during adulthood with RNAi targeted against the neuronal DAF-16 target genes. Learning (0â€‰h) and 1 h short-term associative memory time points are shown. aâ€“g, Meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001.


Extended Data Figure 7 Characterization of age-dependent axon regeneration and structural defects upon fkh-9 overexpression in mechanosensory neurons.
a, Six adult mechanosensory neurons labelled by mec-4p::GFP were isolated for RNA-seq. b, Axon length from the cell body to the site of injury was measured in Î¼m immediately after axotomy and 24â€‰h later. Regenerative capacity of wild-type PLM axons declines from day 1 to day 5 of adulthood. c, Day 5 wild-type animals regrow axons that are significantly shorter than in day 1 animals. d, Axotomies of daf-2 mutants grown on vector control, sod-3, or daf-16 RNAi demonstrate that sod-3, a lifespan-regulating DAF-16 target, does not influence the axon regeneration capacity of daf-2 worms at day 5 of adulthood. e, fkh-9 does not affect the regenerative capacity of daf-2 axons on day 1 of adulthood. f, fkh-9 is not required for axon regeneration in day 1 adults. bâ€“f, Meanâ€‰Â±â€‰s.e.m., Fisherâ€™s exact test, *Pâ€‰<â€‰0.05. g, Overexpression of the a and b isoforms of fkh-9 in wild-type animals causes axonal structural defects. Rescuing fkh-9 activity in the mechanosensory neurons of daf-2;fkh-9 mutants results in severe beading and degeneration of axons.


Extended Data Figure 8 WormBase gene models for fkh-9 and sod-3 are shown with modENCODE data for DAF-16 ChIP-seq experiments.
a, b, Wormbase (http://www.wormbase.org) gene models for fkh-9 (a) and sod-3 (b). Primer sets for ChIP-qPCR are depicted in a. c, Posterior intestinal FKH-9â€“GFP expression is only modestly increased in daf-2 compared to wild-type animals expressing fkh-9p::fkh-9::gfp. Nâ€‰=â€‰25 animals.


Extended Data Figure 9 Knocking down fkh-9 via RNAi or using mutants reduces the enhanced short-term memory of daf-2 animals.
a, b, Whole-life RNAi of fkh-9 reduces daf-2 STAM. c, RNAi knockdown of fkh-9 exclusively during adulthood results in reduced daf-2 STAM comparable to daf-16 RNAi-treatment. d, e, daf-2;fkh-9 mutants have reduced learning (tested immediately following STAM training) and STAM compared to daf-2. Meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001. Time-courses showing the chemotaxis index for each time point are shown in b and e. Learning indices are shown in a, c and d.


Extended Data Figure 10 Neuronal FKH-9 is not required for the enhanced lifespan of daf-2 mutants.
a, b, Adult-only (a) or whole-life (b) fkh-9 RNAi treatment increases matricide in daf-2 worms. The cumulative percentage of animals dead as a result of bagging and/or exploding was recorded every other day. Two biological replicates were performed, with a representative experiment shown. c, Neuronal rescue of fkh-9 in daf-2;fkh-9 animals does not diminish the rate of vulval protrusions with age. Nâ€‰â‰¥â€‰60 per conditions for each experiment. d, Neuronal rescue of fkh-9 does not restore longevity of the daf-2;fkh-9 double mutant. daf-2 median lifespan: 41 days, daf-2;fkh-9 20 days, daf-2;fkh-9;Punc-119::fkh-9 20 days. Pâ€‰<â€‰0.0001 for daf-2 vs both daf-2;fkh-9 and daf-2;fkh-9;Punc-119::fkh-9. Nâ€‰=â€‰112 worms per strain. Censor rate for daf-2 19%, daf-2;fkh-9 51%, daf-2;fkh-9;Punc-119::fkh-9 56%.
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        Editorial Summary
Looking good for their age
Caenorhabditis elegans roundworms with a daf-2 mutation, making them defective in insulin/IGF-1 signalling, not only live longer, they also have an improved neuronal phenotype at old age, including better short- and long-term memory and better capacity to regenerate neurons. The FOXO transcription factor, DAF-16, is required for these effects. These authors describe the target genes that regulate this beneficial neuronal phenotype later in life. They find that daf-2 worms maintain neuronal functions and behaviours with age by using a set of transcriptional targets that are distinct from previously identified canonical FOXO/DAF-16-regulated targets.
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