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Fig. 2. Ursolic acid induces acid ceramidase (!"!# $%) expression to promote neuronal 

health. 

(A) rme-2 RNAi knockdown suppresses the ability of UA to rescue PLM axon breaks in mec-

17(ok2109); lon-2(e678) animals. n = 154 to 187. P values from one-way analysis of variance 

(ANOVA). **P ≤ 0.01; n.s., not significant. Error bars indicate SEM. 
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(B) Schematic of transcriptome analysis following UA exposure. Total RNA isolated from L4 

larvae exposed to DMSO or UA for 12 h. asah-1 is upregulated following UA exposure (Table 

S1).  

(C) asah-1 mRNA is upregulated in wild-type L4 larvae after 12 h of UA exposure. P values 

assessed by unpaired t test. *P ≤ 0.05. Error bars indicate SEM. Triplicate biological replicates. 

cdc-42 housekeeping gene used as a control.  

(D) asah-1 RNAi knockdown suppresses the ability of UA to rescue PLM axon breaks in mec-

17(ok2109); lon-2(e678) animals. n = 94 to 148. P values from one-way analysis of variance 

(ANOVA). **P ≤ 0.01; n.s., not significant. Error bars indicate SEM. 

(E and F) A Pasah-1::nls-gfp transcriptional reporter (rpIs165) drives expression in the intestine 

from late embryogenesis through to adult (see fig. S4) - L4 larva shown in (E). Pasah-1::nls::gfp 

expression increases in animals exposed to UA for 12 h compared to control (DMSO) (F). 

Lateral view, anterior to the left. Scale bar: 25 µm. n = 37 to 43. P values assessed by unpaired t 

test. ****P ≤ 0.0001. Error bars indicate SEM. 

(G) Driving asah-1 cDNA expression using the heterologous intestinal promoter (ges-1) but not 

the hypodermal (dpy-7) or muscle (myo-3) promoters rescues PLM axon breaks in mec-

17(ok2109); lon-2(e678) animals. n = 72 to 305. Error bars indicate SEM. P values from one-

way analysis of variance (ANOVA). *P ≤ 0.05, ***P ≤ 0.001. n.s., not significant. 

(H and I) Overexpression of asah-1 in the nervous system (rab-3 promoter) causes 

developmental axon outgrowth defects in mechanosensory neurons of wild-type animals 

expressing the Pmec-4::gfp transgene (zdIs5). Schematics and fluorescent micrographs of ALM 

and PLM axons in wild-type (left) and Prab-3::asah-1 expressing animals (right) (H). 

Quantification of PLM axon outgrowth defects of Pmec-4::gfp and Pmec-4::gfp; Prab-3::asah-1 
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expressing L1 larvae (I). P values assessed by unpaired t test. ****P ≤ 0.0001. n = 62 to 95. 

Error bars indicate SEM. Typical axon outgrowth defect observed is marked in red (H). Left 

lateral view, anterior to the left. Scale bar: 25 µm.  
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Fig. 3. Sphingosine-1-phosphate intergenerationally protects the PLM neurons. 
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(A) C. elegans orthologs of de novo and salvage sphingolipid pathway components. Sphingolipid 

metabolic enzymes (worm and mammalian ortholog) and sphingolipid intermediates are shown. 

The function of SPTL-1, ASAH-1 and SPHK-1 (colored lettering) in PLM axon degeneration 

were examined in (B to E). SPT, serine palmitoyltransferase; CerS, ceramide synthase; CDase, 

ceramidase; SphK, sphingosine kinase; SPP, sphingosine-1-phosphate phosphatase; SPL, 

sphingosine-1-phosphate lyase.  

(B to D) Driving sptl-1 (B), asah-1 (C) or sphk-1 (D) cDNA in the intestine (ges-1 promoter) 

rescues PLM axon breaks in mec-17(ok2109); lon-2(e678) animals. n = 70 to 80. # refers to 

independent transgenic lines. P values from one-way analysis of variance (ANOVA). *P ≤ 0.05; 

**P ≤ 0.01; ***P ≤ 0.001; n.s., not significant. Error bars indicate SEM.  

(E) sphk-1 RNAi knockdown suppresses the ability of intestinal asah-1 expression to rescue 

PLM axon breaks in mec-17(ok2109); lon-2(e678) animals. n = 72 to 94. # refers to the 

transgenic line used (line 2 from C). P values from one-way analysis of variance (ANOVA). 

***P ≤ 0.001; ****P ≤ 0.0001; n.s., not significant. Error bars indicate SEM.  

(F) Continuous exposure (P0, L4 larva to F1, adult) of sphingosine-1-phosphate (S1P) rescues 

PLM axon breaks in mec-17(ok2109); lon-2(e678) animals. n = 73 to 79. P values from one-way 

analysis of variance (ANOVA). *P ≤ 0.05; n.s., not significant. Error bars indicate SEM. 

(G) S1P exposure of P0 mothers for 16 h (L4 - young adult) but not F1 larvae rescues PLM axon 

breaks in mec-17(ok2109); lon-2(e678) animals. n = 104 to 135. P values from one-way analysis 

of variance (ANOVA). **P ≤ 0.01; n.s., not significant. Error bars indicate SEM. 

(H) S1P exposure in P0 mothers for 16 h (L4 - young adult) rescues PLM axon breaks in mec-

17(ok2109); lon-2(e678) animals for two generations (F1 and F2). n = 153 to 163. P values from 
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one-way analysis of variance (ANOVA). **P ≤ 0.01; ***P ≤ 0.001; n.s., not significant. Error 

bars indicate SEM.  

(I) S1P-Fluorescein, a fluorescently labelled S1P analog, is detected in oocytes of wild-type 

adult hermaphrodites after 16 h of feeding. Vehicle-treated controls (left) and S1P-Fluorescein 

treatment (right). Nomarski micrograph (top) and fluorescent image (bottom) of the same 

animals. Hatched red lines = oocytes. Lateral view, anterior to the left. Scale bar: 25 µm. 

(J) rme-2 RNAi knockdown suppresses the ability of S1P to rescue PLM axon breaks in mec-

17(ok2109); lon-2(e678) animals. n = 104 to 107. P values from one-way analysis of variance 

(ANOVA). *P ≤ 0.05; n.s., not significant. Error bars indicate SEM. 
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Fig. 4. ASAH-1-mediated neuronal health promotion depends on PBX/MEIS-regulated 

transcription  
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(A) PQM-1 and CEH-60 ChIP-seq peaks at the asah-1 cis-regulatory region (top). Schematic of 

the CRISPR-Cas9-generated reporter of asah-1 expression using F2A viral peptide-induced 

ribosomal skipping between endogenous asah-1 and a gfp-H2B cassette. The asah-1 cis-

regulatory region contains consensus binding sites for the CEH-60/PBX and PQM-1/C2H2-type 

zinc finger transcription factors (red line). Location of each motif (arrow) presented as distance 

from the ATG (+1). 

(B) GFP-H2B expression from the asah-1::f2a::gfp::h2b endogenous reporter (rpIs176) is 

detected in the intestine (as with the transcriptional reporter, Fig. 2F.) from late embryogenesis 

(3-fold stage) through to adult (see fig. S7B for embryonic, early larval and adult images). 

Schematic (top) and overlay of Nomarski and fluorescence image of an L4 larva (bottom). GFP 

is weakly detected in the first pair and posterior intestinal cells (represented by open circles in 

the schematic). Lateral view, anterior to the left. Scale bar: 25 µm.  

(C) GFP-H2B expression from the asah-1::f2a::gfp::h2b endogenous reporter increases when 

animals are exposed to UA. Quantification of total nuclear fluorescence from 6 pairs of intestinal 

cells per worm is shown (see fig. S8A for individual intestinal cell measurements). n = 28 to 30. 

P value assessed by unpaired t test. ****P ≤ 0.0001. Error bars indicate SEM.  

(D) pqm-1(ok485) and ceh-60(ok1485) mutants prevent UA induction of the asah-

1::f2a::gfp::h2b endogenous reporter. Quantification of total nuclear fluorescence from 6 pairs 

of intestinal cells per worm is shown. n = 18 to 26. P value assessed by unpaired t test. **P ≤ 

0.01, ****P ≤ 0.0001. Error bars indicate SEM.  

(E and F) pqm-1 or ceh-60 RNAi knockdown suppresses UA-induced rescue PLM axon breaks 

in mec-17(ok2109); lon-2(e678) animals. n = 74 to 103 (E) and 65 to 151 (F). P values from 
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one-way analysis of variance (ANOVA). *P ≤ 0.05; n.s., not significant. Error bars indicate 

SEM.  

(G) Mutation of putative PQM-1 binding motif in the asah-1 promoter induces GFP-H2B 

expression from the asah-1 endogenous reporter. Quantification of nuclear fluorescence from 

each pair of intestinal cells per worm is shown (Int cell pair 1 = second pair of intestinal cells 

from the pharynx). n = 30 to 32. P value assessed by unpaired t test. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P ≤ 0.0001. Error bars indicate SEM.  

(H) Mutation of the putative PQM-1 binding motif in the asah-1 promoter reduces PLM axon 

breaks in mec-17(ok2109); lon-2(e678) animals. n = 100 to 104. P values from one-way analysis 

of variance (ANOVA). **P ≤ 0.01. Error bars indicate SEM.  

(I) S1P exposure in P0 mothers for 16 h (L4 - young adult) increases GFP-H2B expression from 

the asah-1::f2a::gfp::h2b endogenous reporter for two generations (F1 and F2). n = 23 to 28. P 

values from one-way analysis of variance (ANOVA). *P ≤ 0.05; ***P ≤ 0.001; n.s., not 

significant. Error bars indicate SEM.  

(J) Model summarizing how UA and S1P intergenerationally protect the nervous system.  
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