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The CRTC-1 transcriptional domain is 
required for COMPASS complex-mediated 
longevity in C. elegans

Carlos G. Silva-García    1,2,7, Laura I. Láscarez-Lagunas3, Katharina Papsdorf4, 
Caroline Heintz1, Aditi Prabhakar    1, Christopher S. Morrow1, 
Lourdes Pajuelo Torres    1, Arpit Sharma1, Jihe Liu5, Monica P. Colaiácovo3, 
Anne Brunet    4,6 & William B. Mair    1 

Loss of function during aging is accompanied by transcriptional drift, 
altering gene expression and contributing to a variety of age-related 
diseases. CREB-regulated transcriptional coactivators (CRTCs) have 
emerged as key regulators of gene expression that might be targeted to 
promote longevity. Here we define the role of the Caenorhabditis elegans 
CRTC-1 in the epigenetic regulation of longevity. Endogenous CRTC-1 
binds chromatin factors, including components of the COMPASS complex, 
which trimethylates lysine 4 on histone H3 (H3K4me3). CRISPR editing 
of endogenous CRTC-1 reveals that the CREB-binding domain in neurons 
is specifically required for H3K4me3-dependent longevity. However, this 
effect is independent of CREB but instead acts via the transcription factor 
AP-1. Strikingly, CRTC-1 also mediates global histone acetylation levels, and 
this acetylation is essential for H3K4me3-dependent longevity. Indeed, 
overexpression of a n a ce tyltransferase enzyme is sufficient to promote 
longevity in wild-type worms. CRTCs, therefore, link energetics to longevity 
by critically fine-tuning histone acetylation and methylation to promote 
healthy aging.

Modulation of transcriptional regulators has emerged as an evolution-
arily conserved mechanism to slow aging and promote longevity1. Gene 
expression can be optimized for health and longevity by manipulating 
transcription factors and their regulators, making them attractive 
targets to treat or prevent age-related diseases. Recent studies in the 
nematode Caenorhabditis elegans have highlighted a family of cofac-
tors, cAMP response element-binding protein (CREB)-regulated tran-
scriptional coactivators (CRTCs), as novel modulators of aging that link 
energy sensing to transcription2,3. Although CRTCs are traditionally 

described as transcriptional coactivators, they are in fact multifunc-
tional. CRTCs bind additional basic leucine zipper (bZIP) transcription 
factors other than CREB and, beyond transcription, directly regulate 
other cellular processes including endoplasmic reticulum (ER)-to-
Golgi transport via coat protein complex II (COPII)-mediated vesicle 
trafficking, RNA splicing and chromatin regulation4–7. However, despite 
their importance in multiple age-related pathologies8, how distinct 
functional roles of CRTCs contribute to the coordination of organismal 
longevity remains unclear.

Received: 17 December 2021

Accepted: 28 September 2023

Published online: xx xx xxxx

 Check for updates

1Department of Molecular Metabolism, Harvard T. H. Chan School of Public Health, Harvard University, Boston, MA, USA. 2Center on the Biology of Aging, 
Brown University, Providence, RI, USA. 3Department of Genetics, Blavatnik Institute, Harvard Medical School, Boston, MA, USA. 4Department of Genetics, 
Stanford University, Stanford, CA, USA. 5Harvard Chan Bioinformatics Core, Harvard T. H. Chan School of Public Health, Harvard University, Boston, MA, 
USA. 6Glenn Center for the Biology of Aging, Stanford University, Stanford, CA, USA. 7Present address: Department of Molecular Biology, Cell Biology, and 
Biochemistry, Brown University, Providence, RI, USA.  e-mail: wmair@hsph.harvard.edu

http://www.nature.com/nataging
https://doi.org/10.1038/s43587-023-00517-8
http://orcid.org/0000-0002-0434-7787
http://orcid.org/0000-0002-6024-4600
http://orcid.org/0000-0002-6578-6687
http://orcid.org/0000-0002-4608-6845
http://orcid.org/0000-0002-0661-1342
http://crossmark.crossref.org/dialog/?doi=10.1038/s43587-023-00517-8&domain=pdf
mailto:wmair@hsph.harvard.edu


Nature Aging

Article https://doi.org/10.1038/s43587-023-00517-8

Data Fig. 1a). As previously reported12, RNA interference (RNAi) of 
H3K4me3 modifiers set-2, ash-2 and wdr-5.1 extends lifespan in wild-
type worms (Extended Data Fig. 1b–d). In crtc-1null mutants, wdr-5.1 
RNAi still increases lifespan similar to wild-type worms (Extended Data 
Fig. 1b). However, the crtc-1null entirely suppresses set-2 RNAi longevity 
(Extended Data Fig. 1c). ash-2 RNAi significantly increased lifespan in 
wild-type and crtc-1null mutants (Extended Data Fig. 1d), but this effect 
was less pronounced in crtc-1null mutants (median extension in wild type 
35% compared to 19% in crtc-1null mutants), and there was a significant 
interaction between ash-2 RNAi and genetic background (P = 0.0171 by 
two-way analysis of variance (ANOVA)). To further explore the role of 
CRTC-1 in SET-2-dependent longevity, we crossed the crtc-1null mutant 
into the long-lived set-2(ok952) mutant strain12,14. As with set-2 RNAi, the 
absence of CRTC-1 fully suppresses lifespan extension in set-2 mutants 
(Extended Data Fig. 1e).

We next examined whether CRTC-1 is a more general modula-
tor of other longevity pathways. We combined crtc-1null animals with 
raga-1(ok386) (mTORC1 pathway) and clk-1(qm30) (electron transport 
chain) mutants, reduced insulin/insulin-like growth factor-1 signaling 
via daf-2 RNAi, and solid plate-based dietary restriction2,3,15–19. In all 
conditions, there is a significant increase of lifespan in both wild-type 
and crtc-1null backgrounds (Extended Data Fig. 1f–i). Therefore, CRTC-1 
is not a global longevity regulator but instead is specifically required 
for H3K4me3-dependent longevity. In addition, since activation rather 
than deletion of CRTC-1 suppresses AMPK-mediated longevity2,3, these 
data highlight a complex and contextual role for how CRTC-1 activity 
state can impact healthy aging.

H3K4me3-deficient C. elegans accumulate MUFAs, which is neces-
sary for lifespan extension13. We therefore examined whether CRTC-1 
regulates MUFAs accumulation in set-2 mutants by performing gas 
chromatography coupled to mass spectrometry (GC–MS). As previ-
ously reported13, there is a significant accumulation of cis-vaccenic 
acid in set-2 mutants, and this is decreased in crtc-1null;set-2 double 
mutants (Extended Data Fig. 2a), suggesting that CRTC-1 is required 
for the accumulation of this MUFA in set-2 animals.

Targeting CRTC-1 functions in longevity
CRTCs have multiple functions related to different cellular pro-
cesses and age-related diseases8, and we hypothesized that a specific 
CRTC-1 functional domain might promote longevity under condi-
tions of H3K4me3 deficiency. We used CRISPR–Cas9 gene editing to 
selectively inhibit two functions of endogenous CRTC-1 in C. elegans:  
its role in COPII trafficking and as a transcriptional coactivator.  
Mammalian CRTC2 regulates SREBP1 activation and integrates it into 
TORC1 activity through COPII vesicle formation and competitive 
sequestration of Sec31A (ref. 6). In C. elegans, SBP-1/SREBP1 activation 
is required for MUFA synthesis and longevity in H3K4me3-deficient 
animals13. Supporting these data, our IP experiments confirm that 
CRTC-1 interacts with the C. elegans counterpart of Sec31A, SEC-31  

CRTCs lack DNA-binding activity and depend on transcription 
factor partners to stimulate gene transcription. CRTCs contain a 
conserved N-terminal coiled-coil domain, the CREB binding domain, 
required to bind bZIP transcription factors9. C. elegans possess a single, 
highly conserved CRTC family member, CRTC-1, which plays a critical 
role in the modulation of longevity during low-energy conditions. 
When AMP-activated protein kinase (AMPK) is constitutively active, it 
inactivates CRTC-1 directly by phosphorylation, and this inhibition is 
a critical step for AMPK-mediated longevity in C. elegans. In addition, 
CRTC-1 acts through its canonical transcriptional partner CREB in 
AMPK-mediated longevity2,3. In this Article, we identify a new role for 
CRTC-1 in the epigenetic regulation of longevity that is functionally 
distinct from the mechanism by which this cofactor modulates the 
effect of AMPK. Furthermore, we demonstrate that CRTC-1 promotes 
longevity through a single defined domain by coupling two modes of 
action: transcriptional activation and histone acetylation.

Results
CRTC-1-binding proteins
To identify CRTC-1 protein interactions, we tagged endogenous CRTC-1 
via clustered regularly interspaced short palindromic repeats–asso-
ciated protein 9 (CRISPR–Cas9) editing to generate a crtc-1::3xFLAG 
strain and performed immunoprecipitation (IP) followed by liquid 
chromatography coupled to mass spectrometry (LC–MS). We found 
137 potential CRTC-1 interacting proteins (Fig. 1a and Supplementary 
Table 1), including known mammalian CRTC interactors such as the 
COPII vesicle coat protein required for vesicle formation in ER-to-
Golgi transport, the secretory protein SEC-31/SEC31, the serine/thre-
onine protein phosphatase TAX-6/calcineurin, and to a lesser extent, 
AAK-2/AMPK alpha 2 (refs. 2,6,10) (Fig. 1a). STRING in silico analysis11 
revealed that CRTC-1 binds proteins with WD40 repeats, including the 
WD40-repeat protein WDR-5.1/WDR5 (Fig. 1b). WDR-5.1, along with the 
methyltransferases SET-2/SET1 and ASH-2/ASH2L (components of the 
complex proteins associated with Set1, COMPASS), catalyzes trimeth-
ylation of lysine 4 on histone H3 (H3K4me3) and regulates lifespan 
in C. elegans12,13. H3K4me3-deficient C. elegans have activated sterol 
regulatory-element binding protein (SREBP1)/SBP-1, which in turn 
drives a transcriptional network that promotes fat accumulation with 
specific enrichment of monounsaturated fatty acids (MUFAs), which 
are necessary for lifespan extension13. Since CRTC-1 binds WDR-5.1 
and we previously showed that CRTC-1 modulates metabolism during 
AMPK-dependent longevity2,3, we reasoned that CRTC-1 could play a 
role in COMPASS-dependent longevity.

CRTC-1 regulates lifespan extension under H3K4me3 
deficiency
We generated a C. elegans crtc-1 null mutant strain (crtc-1null) to test 
its role in COMPASS-dependent longevity. crtc-1null mutants do not 
show changes in lifespan compared to wild-type animals (Extended 

Fig. 1 | The co-transcriptional function of CRTC-1 is required for H3K4me3-
mediated longevity. a, Volcano plot showing proteins identified during IP 
analysis of endogenous CRTC-1::3xFLAG tagged strain relative to wild-type non-
tagged strain (N2). The dotted line indicates a one-fold change. Four biological 
replicates. P values by two-sample t-test two-tailed. b, STRING protein–protein 
interaction network of CRTC-1-binding proteins identified during IP analysis. 
The network nodes are proteins. The edges represent the predicted functional 
associations. Red line (presence of fusion evidence), green line (neighborhood 
evidence), blue line (co-occurrence evidence), purple line (experimental 
evidence), yellow line (text mining evidence), light-blue line (database evidence) 
and black line (co-expression evidence). c, Top: schematic of ER–Golgi traffic 
regulated by the SEC31-binding site of CRTC. Bottom: amino acid sequence 
localization of the SEC31-binding site and CRISPR edit. d, Top: schematic of 
co-transcriptional regulation by the CREB-binding domain of CRTC. Bottom: 
amino acid sequence localization of the CREB-binding domain site and CRISPR 

edits. e, crtc-1Sec31−/− specifically regulates SREBP1/SBP-1 activation. Intestinal 
images of GFP::SBP-1 reporter in wild-type, crtc-1Sec31−/− and crtc-1CBD−/− animals. 
Quantification of GFP::SBP-1 nuclear accumulation; mean ± s.e.m. of n nuclei: 
wild type (125), crtc-1Sec31−/− (133) and crtc-1CBD−/− (123), pooled from at least three 
independent experiments, P values by Mann–Whitney test two-tailed.  
f, crtc-1CBD−/− specifically regulates CRE promoter transcriptional activation. 
Images of CREp::GFP reporter in neurons of the head in wild-type, crtc-1Sec31−/− and 
crtc-1CBD−/− animals. Quantification of CREp::GFP expression; mean ± s.e.m. of  
n heads: wild type (36), crtc-1Sec31−/− (29) and crtc-1CBD−/− (29), pooled from at least 
three independent experiments, P values by Mann–Whitney test two-tailed.  
g, Survival curves showing that set-2(ok952) mutants live longer than wild type, 
and crtc-1Sec31−/− does not suppress this longevity phenotype. h, Survival curves 
demonstrating that set-2(ok952) mutants live longer than wild type, and crtc-1CBD−/− 
completely suppresses this longevity phenotype. Survival curves compared by 
the log-rank (Mantel–Cox) method.
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(Fig. 1a,b). Using CRISPR–Cas9, we specifically mutated the amino acid 
in CRTC-1 required for Sec31A binding6 (Fig. 1c). We previously showed 
that a constitutively activated nuclear form of CRTC-1 suppresses 
AMPK-dependent longevity by promoting CRH-1/CREB-dependent 

transcription2,3,20, highlighting the transcriptional role of CRTC-1 in 
longevity. Therefore, separately, we inhibited CRTC-1’s transcriptional 
coactivator activity by generating point mutations in the CREB binding 
domain (CBD) (Fig. 1d).
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We used in vivo reporters for SBP-1 processing and transcription 
activation2,21 to confirm that the Sec31 and CBD (Fig. 1c,d) edits indeed 
uncouple specific CRTC-1 functions. Using a GFP::SBP-1 reporter, we 
quantified SBP-1 nuclear accumulation in intestinal cells as an indica-
tion of its activation13. As expected, the crtc-1Sec31−/− mutant increases 
SBP-1 activation (Fig. 1e) due to disruption of CRTC-1:Sec31 interaction. 
To assess CRTC-1 transcriptional coactivator activity, we used a CREB 
transcriptional reporter, a cAMP response element sequence fused 
with GFP (CREp::GFP)2. The CREp::GFP reporter is mainly expressed 
in head neurons, and its expression is specifically reduced in the  
crtc-1CBD−/− mutant (Fig. 1f). Critically, these two CRTC-1 functions can be 
specifically uncoupled since crtc-1CBD−/− mutants do not increase SBP-1 
activation, and crtc-1Sec31−/− mutants do not reduce CREp::GFP transcrip-
tional reporter expression (Fig. 1e,f). Our data confirm that the roles 
of CRTC-1 in transcriptional regulation and ER-to-Golgi trafficking are 
conserved in C. elegans and, importantly, that we can selectively and 
specifically uncouple these functions in endogenous CRTC-1.

To define the specific CRTC-1 function that regulates H3K4me3-
dependent longevity, we crossed the crtc-1CBD−/− and crtc-1Sec31−/− strains 
into set-2 long-lived mutants and analyzed their role in lifespan. Strik-
ingly, although H3K4me3-deficient animals promote MUFA accumu-
lation through SBP-1 activation13, the Sec31 point mutation does not 
suppress longevity in these animals (Fig. 1g). In contrast, the CBD point 
mutation fully suppresses lifespan extension in set-2 worms (Fig. 1h). 
Additionally, while set-2 deletion causes an increase in cis-vaccenic acid 
and the crtc-1CBD−/− point mutation also causes an increase in this MUFA, 
surprisingly, the combination of these mutations reverts cis-vaccenic 
acid levels back to the basal state (Fig. 2a). These data suggest that, 
while CRTC-1 CBD domain is necessary for both the longevity and MUFA 
accumulation phenotypes of set-2 mutant worms, these two pathways 
appear to be decoupled in the context of CRTC-1. Collectively, our data 
indicate that the co-transcriptional role of CRTC-1 through its CBD 
domain (hereafter named CRTC-1CBD, referring to the functional wild-
type coactivator domain) regulates H3K4me3-dependent longevity. 
Contrary to AMPK longevity, where the CRTC-1-mediated transcrip-
tional activation suppresses longevity2,3, H3K4me3 deficiency (where 
overall transcription levels are decreased) requires transcriptional 
activation driven by CRTC-1CBD to extend lifespan. Therefore, our data 
suggest that transcriptional activation is necessary to promote longev-
ity in H3K4me3-deficient animals.

CRTC-1CBD regulates specific longevity-related pathways
Our data indicate that the co-transcriptional role of CRTC-1 is neces-
sary to extend lifespan in H3K4me3-deficient animals (Fig. 1f,h). Next, 
we reasoned that CRTC-1CBD-dependent transcriptional changes in 
set-2 mutants might reveal mechanistic insight into how CRTC-1 regu-
lates COMPASS-mediated longevity. Via RNA sequencing (RNA-seq), 
we identified CRTC-1CBD-dependent differentially expressed genes 
(DEGs) in set-2 animals that cluster into two main groups: genes upregu-
lated in set-2 and downregulated by crtc-1CBD−/− in the double mutant 
(group 1) and vice versa, genes downregulated in set-2 mutants and 
then upregulated by addition of crtc-1CBD−/− (group 2) (Fig. 2b,c and 
Supplementary Table 2). Functional analysis within these two clus-
ters reveals that Gene Ontology (GO) terms between the groups are 
distinct (Fig. 2d, Extended Data Fig. 2b,c and Supplementary Table 2).  
Group 1 DEGs are enriched for processes involved in activation of the 
MAPK cascade, including immune and stress responses, whereas group 
2 includes GO terms related to translation, including ribosome biogen-
esis, ribonucleoprotein assembly and RNA processing (Fig. 2d). Impor-
tantly, both activation of MAPK cascade and reduction of translation are 
defined signatures of longevity22–24, and CRTC-1CBD specifically regulates 
expression of genes involved in these processes. CRTC-1CBD does not 
regulate transcriptional changes directly linked to lipid metabolism 
in either group 1 or 2 (Fig. 2d). Thus, even though CRTC-1CBD alters the 
composition of some MUFAs, this effect does not seem to be via direct 

transcriptional regulation of genes that control fatty acid synthesis. 
Together, our data suggest that, instead of a generalized dysregulation 
of transcription by the absence of CRTC-1CBD in H3K4me3-deficient 
animals, CRTC-1CBD-dependent transcriptional regulation of genes in 
specific pathways is coupled to longevity.

AP-1 regulates longevity in H3K4me3-deficient animals
The CBD domain of CRTC-1 is critical to bind multiple bZIP factors20, 
including CREB, the heterodimer activator protein 1 (AP-1), and the 
activating transcription factor (ATF)6 (refs. 9,25–27). Using our tran-
scriptional data (Fig. 2b,c), we performed single site analysis to detect 
overrepresented conserved transcription factor binding sites28–30  
in our DEG groups. CREB1 and AP-1 transcription factors have gene 
targets in both groups (Fig. 2e,f and Supplementary Table 3). However, 
only AP-1 is above the significance threshold in group 1, meaning DEGs 
upregulated in H3K4me3-deficient animals and downregulated by 
the absence of CRTC-1CBD (Fig. 2b) are significantly enriched for direct 
targets of AP-1 (Fig. 2e and Supplementary Table 3). To identify CRTC-1 
binding proteins that are specifically dependent on its CBD domain, 
we compared peptides bound to the endogenous CRTC-1::3xFLAG 
versus endogenous CRTC-1CBD−/−::3xFLAG strains in the set-2 mutant 
background by LC–MS (Extended Data Fig. 3a,b and Supplemen-
tary Table 4). After removing background, 1,062 peptides bound to  
CRTC-1::3xFLAG and 1,127 bound to CRTC-1CBD−/−::3xFLAG, of which 896 
are shared. We focused on peptides specifically bound to CRTC-1 when 
the CBD is functional. Previously described transcription factors are 
not identified in the analysis, perhaps due to transient interactions, 
but interestingly the CRTC-1CBD binds mainly to chromatin proteins in 
set-2 mutants (Extended Data Fig. 3b). This supports our model where 
CRTC-1 is required in the nucleus to modulate H3K4me3 longevity.

To test the causal role of CRTC-1 transcription factor partners in 
H3K4me3-dependent longevity, we used a combination of mutants 
and RNAi for their worm counterparts: CRH-1/CREB1, CRH-2/CREB3L1, 
ATF-6/ATF6 and FOS-1:JUN-1/AP-1 (refs. 9,25–27). Although CRTC-1 
governs AMPK-mediated longevity and metabolism via the CREB tran-
scription factor3, CRH-1 and CRH-2 are dispensable for longevity in set-2 
mutants (Fig. 2g,h). The atf-6(ok551) mutant by itself is long-lived31. set-2 
deletion also significantly increases lifespan in the already long-lived 
atf-6 mutants (Fig. 2i). Separately, inactivation of AP-1 components, 
JUN-1 and FOS-1 alone does not suppress set-2 longevity (Fig. 2j,k),  
probably due to redundancy with other AP-1 components32. Strik-
ingly, however, co-inhibition of both JUN-1 and FOS-1 together  
(jun-1(gk557);fos-1 RNAi) fully suppresses set-2 longevity (Fig. 2k). These 
data indicate that the complete heterodimer AP-1 transcription fac-
tor is necessary to extend longevity and point to the CRTC-1CBD:AP-1 
complex as the critical transcriptional core that promotes longevity 
in H3K4me3-deficient animals.

CRTC-1CBD regulates lifespan cell nonautonomously
H3K4me3 modifiers function in the germline to promote longevity12,13, 
and CRTC-1 is known to mediate longevity from neurons during AMPK 
activation3. Our data here show that CRTC-1CBD is required to extend 
lifespan of C. elegans with an H3K4me3 deficiency (Fig. 1). We therefore 
asked whether inter-tissue signaling might be necessary for the role 
of CRTC-1CBD in H3K4me3 longevity. First, we performed tissue enrich-
ment analysis of the DEGs present in the two CRTC-1CBD dependent 
groups obtained from our RNA-seq data (Fig. 2b,c). Group 1 has signifi-
cant enrichment of genes expressed in neurons (Fig. 3a). In contrast, 
DEGs in group 2 are enriched in the gonad (Fig. 3b). Additionally, we 
performed tissue enrichment analysis for AP-1 targets from group 1  
(Fig. 2e). Similar to CRTC-1, AP-1 direct targets from group 1 are enriched 
for genes expressed in the nervous system (Fig. 3c). To explore how the 
tissue enrichment analysis might link to CRTC-1 tissue localization, 
we characterized endogenous expression of CRTC-1 via GFP knock-
in at the endogenous locus. CRTC-1::GFP expression is particularly 
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Fig. 2 | CRTC-1CBD mediates specific longevity pathways and acts through  
AP-1 to extend lifespan in H3K4me3-deficient animals. a, GC–MS 
quantification of fatty acids. Mean ± s.e.m. from three biological replicates,  
P values by unpaired two-way ANOVA. b,c, Cluster analysis identifies 770 
genes that show increased expression in set-2(ok952), which is reversed in the 
double crtc-1CBD−/−::set-2(ok952) mutant (b) and 1,704 genes that show decreased 
expression in set-2(ok952) and reversed in the absence of CRTC-1CBD (c). Four 
biological replicates. DEGs were first identified using the likelihood ratio test, 
and significant genes were obtained using an FDR threshold of 0.05. The box-and-
whisker plots describe the distribution of gene expression within each cluster. 
Median ± the 25th to 75th percentiles, the whiskers extended to the minima and 
the maxima. d, Overrepresentation analysis of the GO biological process terms 

for genes comprising each cluster shown in b and c. The q-value cutoff is set 
as 0.05, with other parameters set as default. e,f, Single site analyses to detect 
overrepresented conserved transcription factor binding sites in groups 1 (e) 
and 2 (f). Analysis by oPOSSUM version 3.0. g,i, Survival curves showing that the 
lifespan extension in set-2(ok952) mutants does not require the transcriptional 
factors crh-1(n3315) (g), crh-2(gk3293) (h) and atf-6(ok551) (i). j,k, The inactivation 
of AP-1 components, fos-1 (i, dark green and light green) and jun-1 (k, dark blue 
and light blue), do not suppress set-2(ok952) longevity separately, but the absence 
of the entire complex (jun-1(gk557);fos-1RNAi) fully suppresses set-2(ok952) 
longevity (k, dark green and light green). Survival curves compared by the  
log-rank (Mantel–Cox) method.
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high in neurons, while also present in muscles and intestine but not 
in the germline (Fig. 3d). Taken together, these data indicate that the 
co-transcriptional role of CRTC-1 in regulating H3K4me3-dependent 
longevity (Fig. 1d,f,h) correlates with transcriptional activation of neu-
ron-enriched genes in group 1 (Figs. 2b and 3a) and suggest that CRTC-1 

may modulate H3K4me3-dependent longevity cell nonautonomously 
from the nervous system.

To directly examine the role of neuronal CRTC-1CBD activity on 
H3K4me3-dependent longevity, we rescued CRTC-1CBD activity in spe-
cific tissues in crtc-1CBD;set-2 mutants. Using our SKI LODGE system33, 
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Fig. 3 | CRTC-1CBD regulates longevity cell nonautonomously. a,b, Tissue 
enrichment analyses for genes comprising groups 1 (a) and 2 (b). PVD, sensory 
neurons (polymodal nociceptive for mechanosensation and thermosensation); 
ASE, sensory neurons (chemosensory, gustatory and CO2 sensory). Analysis by 
WormBase version WS280. c, Tissue enrichment analysis of AP-1 target genes 
from group 1 using WormBase version WS280. d, Confocal images showing that 
endogenous CRTC-1::GFP is expressed in muscles, intestine and neurons but not 
in the germline. Arrows point CRTC-1::GFP expression in nuclei from muscles and 

intestine. Representative images from three independent experiments.  
e–g, Survival analysis demonstrating that lifespan extension in set-2(ok952) 
mutants is suppressed by crtc-1CBD−/− and significantly rescued by a single copy 
of neuronal crtc-1CBD+/+ (e), but not when crtc-1CBD+/+ is expressed in muscles (f) or 
intestine (g). h,i, Survival analysis showing that nuclear (h), but not cytosolic 
(i), localization of CRTC-1 is required to extend lifespan in set-2(ok952) mutants. 
Survival curves compared by the log-rank (Mantel–Cox) method.
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which allows for efficient CRISPR–Cas9-mediated knock-ins regu-
lated by tissue-specific promoters, we inserted a single copy of crtc-1 
complementary DNA wild-type sequence into an intergenic cassette 
containing the rab-3 promoter that drives gene expression specifically 
in neurons. As before, set-2 longevity is fully suppressed in crtc-1CBD 
mutants. However, restoring wild-type CRTC-1 only in the neurons in 
crtc-1CBD;set-2 double mutants resulted in full set-2 longevity (Fig. 3e). In 
contrast, expressing CRTC-1 directly in muscles or intestine by single 
copy transgene, using the muscle-specific myo-3 or intestine-specific 
nep-17 promoters, does not rescue the lifespan extension in the dou-
ble mutants (Fig. 3f,g). We then tested whether nuclear or cytosolic 
localization of CRTC-1 is necessary for H3K4me3 longevity. We first 
rescued the crtc-1null mutant with neuronal expression of a constitu-
tively nuclear form of crtc-1 (S76A, S179A, referred to as crtc-1S>A)3. Loss 
of set-2 significantly increased lifespan in crtc-1null mutants containing 
neuronal crtc-1S>A (Fig. 3h). However, loss of set-2 had no significant 
effect on lifespan of crtc-1null mutants containing a cytosolic restricted 
CRTC-1, achieved by a mutation in the calcineurin binding site (crtc-1cal) 
and driven by the crtc-1 promoter3 (Fig. 3i). Taken together, our data 
suggest that CRTC-1CBD nuclear activity specifically in neurons therefore 
modulates longevity in animals with H3K4me3 deficiency.

Histone acetylation promotes longevity
Next, we explored how CRTC-1 impacts histone modifications in the 
context of COMPASS-mediated longevity. Mammalian CRTC2 associ-
ates with the lysine acetyltransferase 2B KAT2B (p300/CBP-associated 
factor PCAF-1 in C. elegans), which in turn acetylates lysine 9 on his-
tone H3 (H3K9ac) at promoters of gluconeogenic genes, upregulat-
ing transcription4. CRTC2 also interacts with the acetyltransferases 
adenovirus E1A-associated 300-kD protein (p300) and CREB-binding 
protein (CBP)5. The C. elegans ortholog of the mammalian p300 and 
CBP, the putative histone acetyltransferase CBP-1, was recently shown 
to affect H3K18ac and H3K27ac levels34. Therefore, we sought to explore 
whether CRTC-1CBD mediates H3K9ac, H3K18ac, and H3K27ac marks in 
set-2 mutants. By western blotting with histone mark-specific antibod-
ies, all three acetylation marks are slightly increased in set-2 mutants: 
H3K27ac (+5%), H3K18ac (+25%) and H3K9ac (+11%). The same histone 
marks are then reduced in single crtc-1CBD−/− mutants: H3K27ac (−5%), 
H3K18ac (−14%) and H3K9ac (−16%). Strikingly, however, acetylation is 
dramatically reduced in the double crtc-1CBD−/−;set-2 mutants: H3K27ac 
(−45%), H3K18ac (−34%) and H3K9ac (−32%) (Fig. 4a and Extended Data 
Fig. 4b–d). In contrast, crtc-1CBD−/− does not change H3K4me3 levels in 
set-2 mutants (Fig. 4a and Extended Data Fig. 4a). These results indicate 
that the CRTC-1CBD regulates H3K9ac, H3K18ac and H3K27ac marks, 
particularly in H3K4me3-deficient animals.

Given that H3K4me3 modifiers promote longevity from the ger-
mline12,13 and CRTC-1CBD modulates H3K4me3 longevity from neurons 
(Fig. 3), we asked whether CRTC-1CBD could regulate histone acetyla-
tion cell nonautonomously. Supporting our western blot analyses  
(Fig. 4a), immunofluorescence confirms that crtc-1CBD−/− does not 
change H3K4me3 levels in the gonad (Fig. 4b,c), but H3K9ac levels 
are significantly reduced in both crtc-1CBD−/− and crtc-1CBD−/−;set-2 animals 
(Fig. 4b,d). Interestingly, restoring crtc-1CBD+/+ expression only in neu-
rons fully rescues H3K9ac germline levels in crtc-1CBD−/−;set-2 mutants 
(Fig. 4b,d) but does not affect reduced levels of H3K4me3 in the gonad 
(Fig. 4b,c). Therefore, similarly to lifespan, CRTC-1CBD regulates H3K9ac 
cell nonautonomously from neurons. We then tested the role of AP-1 on 
histone acetylation. As with the crtc-1CBD−/− results, inactivation of AP-1 
induces a significant reduction of the H3K9ac mark in the gonad but 
an increase in global levels (Extended Data Fig. 4e–i), indicating a dual 
role of AP-1 on histone acetylation in soma and germline.

So far, our data indicate that CRTC-1CBD regulates both lifespan 
and histone acetylation from neurons. Therefore, we sought to further 
define the potential neuronal pathways by which CRTC-1 might modu-
late both longevity and histone acetylation. Tissue-enrichment analysis 

reveals that PVD mechanosensory neurons are the most significant 
tissue in group 1 DEGs (Fig. 3a). We also saw transcriptional changes in 
components of the acetylcholine pathway (Supplementary Table 2),  
which controls response to mechanical stimuli in PVD neurons35. As 
expected, mutations in core components of the acetylcholine pathway 
are lethal36. To test causal roles of this pathway in longevity and histone 
modification, we selected mutants to genes that show mild defects, 
including members of vesicle formation (sup-1) and acetylcholinest-
erases (ace-1, ace-2 and ace-3)36,37. Mutants in these components have a 
global and germline increase in H3K9ac and exhibit significant lifespan 
extension (Extended Data Fig. 5a–h). Moreover, set-2 knockdown does 
not further increase lifespan in any of these mutants (Extended Data  
Fig. 5f–h). It is also possible to alter histone acetylation by disrupting 
the production of acetyl-CoA, the primary source of histone acetyla-
tion38. Acetate can enter the cell by monocarboxylic acid transporters 
and subsequently be converted to acetyl-CoA in the mitochondria39. 
Knockdown of a putative monocarboxylic acid transporter in C. ele-
gans, mct-6, reduces global and germline H3K9ac levels, does not 
increase lifespan alone and blocks lifespan extension by set-2 RNAi 
(Extended Data Fig. 5a–e,i). Taken together, our data suggest that 
CRTC-1CBD regulates histone acetylation through cholinergic signals, 
notably when H3K4me3 levels are reduced, and that histone acetyla-
tion contributes to lifespan extension in H3K4me3-deficient animals.

To test the hypothesis that histone acetylation is required for 
longevity during H3K4me3 deficiency, we knocked down the C. elegans 
orthologs of the histone acetyltransferases associated with CRTCs in 
mammals that also regulate the acetylation marks mentioned above, 
PCAF-1/KAT2B and CBP-1/p300/CBP4,5. Supporting our hypothesis, 
RNAi knockdown of the putative histone acetyltransferases cbp-1 and 
pcaf-1 entirely suppresses longevity in set-2 mutants (Fig. 4e,f). Finally, 
we reasoned that if histone acetylation positively affects aging, the 
lifespan would be increased by overexpressing histone acetyltrans-
ferases associated with CRTCs. Indeed, overexpression of PCAF-1 is 
sufficient to extend lifespan in a wild-type background (Fig. 4g) and 
does not further extend lifespan in set-2 mutants (Fig. 4h). Collectively, 
these data suggest that CRTC-1CBD mediates longevity during H3K4me3 
deficiency via remodeling histone acetylation levels and, remarkably, 
that this acetylation is sufficient to promote longevity in wild-type 
worms, identifying this histone modification as a marker for longevity.

Discussion
CRTCs have several functions and have been implicated in many age-
related diseases such as cancer, neurodegeneration, diabetes and other 
metabolic disorders8,40. Thus, CRTCs are key integrators that regulate 
cellular signaling, and their functionality is context dependent. Linking 
CRTC functions to specific physiological processes will, therefore, offer 
novel opportunities for clinical therapies. We previously demonstrated 
that an overexpressed active form of CRTC-1 in neurons suppresses 
lifespan extension when AMPK is constitutively activated in the entire 
worm3. Conversely, in this study, we found a positive role for CRTC-1 in 
regulating longevity due to H3K4me3 deficiency. While CRTC-1 modu-
lates genes associated with metabolism and mitochondria under AMPK 
activation to suppress longevity3, we found that CRTC-1CBD regulates 
genes involved in immune and stress responses in H3K4me3-deficient 
animals to extend lifespan. Other positive and negative roles have been 
described for CRTCs in cancer, diabetes and autoimmune disease8,40. 
Here we discover a dual role of CRTC-1 in aging, supporting the idea 
that CRTC’s roles in maintaining homeostasis are context dependent.

We propose a model in which lifespan extension induced by 
H3K4me3 methyltransferase deficiency requires a specific function 
(co-transcriptional regulation) of CRTC-1 driven by its CBD domain, 
which in turn triggers a neuron-to-periphery cholinergic signal via 
the transcription factor AP-1, leading to activation of gene expression 
and maintenance of histone acetylation levels (Supplementary Fig. 1). 
Surprisingly, although H3K4me3 deficiency couples lipid metabolism 
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Fig. 4 | CRTC-1CBD maintains histone acetylation levels, and these are 
necessary for lifespan extension. a, H3K9ac, H3K18ac and H3K27ac marks are 
reduced in a CRTC-1CBD-dependent manner under H3K4me3 deficiency induced 
by a loss of function of set-2. Western blots of wild-type (WT), set-2(ok952),  
crtc-1CBD−/− and crtc-1CBD−/−;set-2(ok952) worms. H3 used as loading control and 
values represent the mean of three independent blots. Loading controls were 
running on different gels but derived from the same experiments, and gels and 
blots were processed in parallel. For western blot quantifications, see Extended 
Data Fig. 4. b, Fluorescence images of the distal region of C. elegans gonad from 
wild-type, set-2(ok952), crtc-1CBD−/−, crtc-1CBD−/−;set-2(ok952) and crtc-1CBD−/−; 
set-2(ok952);rab-3p::crtc-1CBD+/+ worms co-immunostained for H3K4me3 (gray), 
H3K9ac (green) and DAPI (magenta). c, Quantification of fluorescence intensity 
detected for H3K4me3 (b). set-2 and crtc-1CBD−/−;set-2 worms show a significant 
reduction of the H3K4me3 mark, which is not rescued in the crtc-1CBD−/−; 
set-2(ok952);rab-3p::crtc-1CBD+/+ strain. Mean ± s.e.m. of n gonads: wild type (10), 

set-2(ok952) (12), crtc-1CBD−/− (10), crtc-1CBD−/−;set-2(ok952) (14) and crtc-1CBD−/−; 
set-2(ok952);rab-3p::crtc-1CBD+/+ (11), pooled from three independent experiments, 
P values by unpaired t-test two-tailed. d, Quantification of fluorescence intensity 
detected for H3K9ac (b). crtc-1CBD−/− and crtc-1CBD−/−;set-2(ok952) worms show a 
significant reduction of the H3K9ac mark, which is rescued in the crtc-1CBD−/−; 
set-2(ok952);rab-3p::crtc-1CBD+/+ strain. Mean ± s.e.m. of n gonads: wild type (10), 
set-2(ok952) (12), crtc-1CBD−/− (10), crtc-1CBD−/−;set-2(ok952) (14) and crtc-1CBD−/−; 
set-2(ok952);rab-3p::crtc-1CBD+/+ (11), pooled from three independent experiments, 
P values by unpaired t-test two-tailed. e,f, Survival curves demonstrating that 
lifespan extension in set-2(ok952) mutants is suppressed by cbp-1 (e) and pcaf-1 
(f) RNAi. g,h, Survival curves demonstrating that overexpression (OE) of PCAF-1 
increases wild-type lifespan in three different lines (g) and does not further 
extend the lifespan in set-2(ok952) mutants (h). Survival curves compared by the 
log-rank (Mantel–Cox) method.
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to longevity through the SBP-1/SREBP1 transcription factor in worms13 
and mammalian CRTC2 regulates lipid metabolism by inducing COPII 
trafficking-dependent activation of SREBP1 (ref. 6), we demonstrate 
that this CRTC-1 function is not required for H3K4me3 longevity. Inter-
estingly, the point mutation in the CBD domain promotes cis-vaccenic 
acid accumulation while the null mutation did not, suggesting some 
interaction between functional domains of CRTC-1 in lipid regulation 
that warrants further study. However, both CBD and null mutants fully 
suppress longevity in set-2 animals. Additionally, we did not observe 
any CRTC-1CBD-dependent transcriptional changes that directly regu-
late lipid metabolism during our functional analysis. Therefore, even 
if CRTC-1 alters MUFAs composition, it does not seem to act through 
direct transcription of genes that control fatty acid synthesis. Instead, 
it seems likely that CRTC-1CBD regulates transcription of alternate path-
ways involved in set-2 longevity that remain to be elucidated. Although 
we and others have demonstrated that a deficiency in H3K4me3 pro-
motes longevity12,13,41, recently this has been contested42. However, the 
food source in those studies differs from our conditions, and in addi-
tion, RNAi in set-2 extends lifespan in wild-type worms12–14,41. Therefore, 
it seems likely that COMPASS-mediated longevity may depend upon 
organismal metabolic state.

How do global changes in histone acetylation regulate aging? 
Historically, one of the most studied families of deacetylases is the 
sirtuins. Extensive work suggests that sirtuins suppress age-related 
pathologies and promote healthspan43. Increased expression levels 
of sirtuin deacetylases extend lifespan of Saccharomyces cerevisiae, C. 
elegans, Drosophila melanogaster and mice44–47, indicating that reduc-
tion of acetylation has a positive effect on aging. However, in recent 
years, several studies have demonstrated that increased acetylation 
also promotes longevity. The acetyltransferase CBP-1/p300/CBP and 
the MYST family histone acetyltransferase (MYS-1/TRR-1) promote 
longevity in worms, regulating mitochondrial stress response and 
upregulating the DAF-16/FOXO transcription factor, respectively34,48. 
In addition, silencing the deacetylase HDA-6/HDAC6 increases lifespan 
in worms and flies49. Further, depletion of CBP-1, MYS-1/TRR-1 and 
HDA-6 is associated with immune response and stress resistance34,48,49. 
We found that these pathways are specifically activated in a CRTC-1CBD-
dependent manner, suggesting conserved mechanisms in long-lived 
animals with active histone acetylation.

Although we found that CRTC-1 binds WDR-5.1, surprisingly, 
CRTC-1 is not required for WDR-5.1-mediated longevity. Beyond histone 
trimethylation, WDR-5.1/WDR5 also associates with histone acetyl-
transferase complexes in mammals and worms50–52. Further, it has been 
shown that WDR-5.1/WDR5 modulates other histone marks besides 
H3K4me3, including H3K9me2 and H3K9ac4,53. Thus, WDR-5.1 probably 
regulates longevity by affecting H3K4me3 levels and regulating histone 
acetylation. This theory may explain why CRTC-1 is not required for 
WDR-5.1-mediated longevity.

It remains unclear how CRTC-1CBD regulates histone acetylation. 
One of the primary sources of an acetyl group for histones is the metab-
olite acetyl-CoA, and it has been shown that cellular metabolism is 
intertwined with chromatin dynamics since many metabolites consti-
tute histone and DNA modifications54. In addition, the acetylcholine 
pathway produces acetyl-CoA as an intermediary metabolite, and 
we show here that this pathway also modulates histone acetylation 
and lifespan. Since CRTCs have been associated with metabolic and 
neuronal pathways8, it is possible that CRTC-1CBD regulates histone 
acetylation by controlling metabolic intermediaries that act cell 
nonautonomously. Beyond global changes in histone acetylation or 
trimethylation, which genes are targeted by these marks in specific 
contexts and tissues in order to promote longevity remains unknown. 
Therefore, it will be critical to identify components that integrate 
histone marks with gene expression, such as CRTC-1. Finally, if pro-
moting histone acetylation induces longevity, as our data indicate, 
selectively targeting histone acetylation modifiers in specific tissues 

may be sufficient to generate an organismal response that promotes  
healthier aging.

Methods
C. elegans strains and husbandry
N2 wild-type, MQ130 (clk-1(qm30)), VC222 (raga-1(ok952)), RB772 
(atf-6(ok551)), VC3149 (crh-2(gk3293)), VC1200 (jun-1(gk557)), RM3571 
(sup-1(e995 e2636)), PR1300 (ace-3(dc2)) and GG201 (ace-2(g72);ace-
1(p1000)) C. elegans strains were obtained from the Caenorhabditis 
Genetic Center, which is funded by NIH Office of Research Infrastruc-
ture Programs (P40 OD010440). The crh-1(n3315) mutant was pro-
vided by Mark Alkema. Worms were maintained on standard nematode 
growth media (NGM) seeded with Escherichia coli OP50-1 and main-
tained at 20 °C. All strains are described in Supplementary Table 5.

Microbe strains
OP50-1 bacteria were cultured overnight in Luria-Bertani (LB) broth 
at 37 °C, after which 100 μl of liquid culture was seeded on plates to 
grow for 2 days at room temperature. Unless otherwise noted, worms 
were grown at 20 °C on the strain E. coli HT115 (empty vector, EV) for 
all experiments. RNAi experiments employed HT115 bacteria from 
the Ahringer library (Source Bioscience) expressing double-stranded 
RNA (dsRNA) against the gene noted or EV control. HT115 bacteria 
were cultured overnight in LB containing 100 μg ml−1 carbenicillin and 
12.5 μl ml−1 tetracycline at 37 °C, after which 100 ml of LB was seeded on 
NGM plates containing 100 μg ml−1 carbenicillin to grow for two days 
at room temperature. dsRNA expression was induced by adding 100 μl 
isopropyl β-d-1-thiogalactopyranoside (100 mM) at least 2 h before 
worms were introduced to the plates. RNAi experiments for ash-2, set-2 
and wdr-5.1 were performed as previously described13.

Solid plate-based dietary restriction assays
Solid dietary restriction assays were performed as described in ref. 18. 
Briefly, ad libitum plates were prepared with a bacterial concentration 
of 1011 colony-forming units (CFU) ml−1, and dietary restriction plates 
with 108 CFU ml−1 bacterial concentration. One-hundred microliters of 
a kanamycin and carbenicillin solution was added after the plates were 
completely dried (5 mg ml−1 and 10 mg ml−1, respectively). These plates 
were prepared in advance and stored at 4 °C. 5-Fluoro-2′-deoxyuridine 
(100 μl of 1 mg ml−1 solution in M9) was added on top of the bacterial 
lawn 24 h before worms were introduced to the plates for lifespans.

Microinjection and CRISPR–Cas9-triggered homologous 
recombination
All CRISPR edits and insertions required to generate the strains were 
performed using the previously described CRISPR protocol33,55. Briefly, 
homology repair (HR) templates were amplified by PCR, using prim-
ers that introduced a minimum stretch of 35 bp homology at both 
ends. Single-stranded oligo donors (ssODN) were also used as repair 
templates. CRISPR injection mix reagents were added in the follow-
ing order: 0.375 μl HEPES pH 7.4 (200 mM), 0.25 μl KCl (1 M), 2.5 μl 
trans-activating CRISPR RNA (4 μg μl−1), 0.6 μl dpy-10 CRISPR RNA 
(2.6 μg μl−1), 0.25 μl dpy‐10 ssODN (500 ng μl−1) and PCR or ssODN 
repair template(s) up to 500 ng μl−1 final in the mix. Water was added 
to reach a final volume of 8 μl. Two microliters purified Cas9 (12 μg μl−1) 
added at the end, mixed by pipetting, spun for 2 min at 13,000 rpm and 
incubated at 37 °C for 10 min. Mixes were microinjected into the ger-
mline of day 1 adult hermaphrodite worms using standard methods56.

Single-copy transgene construction
crtc-1 and jun-1 single-copy tissue-specific rescue strains were  
generated by CRISPR according to ref. 33. Specifically, an HR template 
containing crtc-1 and jun-1 cDNA sequence was amplified from plasmid 
pIM41 and wild-type cDNA, respectively. CRISPR mixes containing the 
HR templates were prepared according to ref. 33 and injected into the 
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WBM1141, WBM1126 and WBM1478 strains. The resulting CRISPR-edited 
alleles were outcrossed six times to N2 before use for experiments.

Survival analyses
Lifespan experiments were performed as described previously3,57. 
Unless otherwise noted, all experiments were performed on standard 
NGM containing 100 μg ml−1 carbenicillin at 20 °C and on HT115 (EV). 
RNAi experiments were performed from hatching in all cases except for 
cbp-1 RNAi, which started on day 1 of adulthood, on standard NGM con-
taining carbenicillin (100 μg ml−1). Expression of dsRNA was induced 
by pipetting 100 μl isopropyl β-d-1-thiogalactopyranoside solution 
(100 mM, containing 100 μg ml−1 carbenicillin and 12.5 μl ml−1 tetracy-
cline) onto HT115 lawns before placing worms. Worms were synchro-
nized by bleaching using gravid adults. After bleaching, embryos were 
placed on plates. When the progeny reached adulthood (∼72 h), 100 
worms were transferred to fresh plates with 20 worms per plate. Worms 
were transferred to fresh plates every other day until reproduction had 
ceased (days 9–12). Survival was scored every 1–2 days, and a worm was 
deemed dead when unresponsive to three taps on the head and tail. 
Worms were censored due to contamination on the plate, leaving the 
NGM, eggs hatching inside the adult, or loss of vulval integrity during 
reproduction. Lifespan analysis was performed using GraphPad Prism.

RNA-seq
More than 2,000 day-1 adults were used for each sample. Four biological 
replicate samples were collected for each genotype. Worms were collected 
in M9 buffer and washed three times in M9 buffer to remove bacteria. 
Liquids were removed after last centrifugation, and QIAzol lysis reagent 
(Qiagen, 79306) was added to each sample before snap-freezing in liquid 
nitrogen. All samples were stored in a −80 °C freezer until RNA extraction. 
To break the worm cuticle and improve RNA yield, all samples under-
went five freeze–thaw cycles. In each cycle, samples were thawed at 37 °C 
and then snap-frozen in liquid nitrogen. RNA extraction was performed 
using QIAGEN RNeasy Mini Kit (QIAGEN, 74104) following manufactur-
er’s instructions. RNA quality was confirmed using TapeStation system  
(Agilent Technologies). Messenger RNA libraries were prepared using 
KAPA mRNA HyperPrep, poly-A selection (Roche) following the manufac-
turer’s instructions. Library quality was checked using TapeStation system 
(Agilent Technologies). Libraries were then pooled and sequenced with 
Illumina NovaSeq SP Single Lane using 50 read length, pair-end settings.

Gene expression and functional analysis
All samples were processed using an RNA-seq pipeline implemented in 
the bcbio-nextgen project58. Raw reads were examined for quality issues 
using FastQC (v0.11.9)59 to ensure library generation and sequenc-
ing data were suitable for further analysis. Reads were aligned to the 
Ensembl94 build of the C. elegans genome using STAR60 (v2.7.10a). Qual-
ity of alignments was assessed by checking for evenness of coverage, 
rRNA content, genomic context of alignments, complexity and other 
quality checks. Using Salmon61 (v1.1.0), expression quantification was 
performed to identify transcript-level abundance estimates and then 
collapsed down to the gene level using the R (v3.6.2), Bioconductor 
(v3.10) package tximport (v1.12.3)62. Principal components analysis and 
hierarchical clustering methods validated the clustering of samples 
from the same sample group. Differential expression was performed 
at the gene level using the R Bioconductor package DESeq2 (ref. 63) 
(v1.24.0). DEGs were identified using the Wald test, and significant 
genes were obtained using a false discovery rate (FDR) threshold of 
0.05. Significant genes were separated into clusters based on similar 
expression profiles across the defined sample groups, using degPat-
terns function from the DEGreport (v1.20.0) package. Gene lists for 
each cluster were used as input to the R Bioconductor package clus-
terProfiler (v3.14.3)64 to perform an overrepresentation analysis of GO 
biological process terms. The q-value cutoff is set as 0.05, with other 
parameters are set as default.

Microscopy of mounted worms and image analysis
For imaging, 1-day-old adult animals were mounted on 2% agarose 
pads and anesthetized with 20 mM tetramisole in M9. For visualization 
of intestinal nuclear SBP-1 expression, a transgenic line expressing 
a translational fusion between GFP and SBP-1 was used. For visuali-
zation of CRE reporter expression, a transgenic strain expressing a 
transcriptional reporter was used, CREp::GFP. In both cases, images 
were acquired using a Zeiss Axio Imager.M2 microscope equipped with 
an ApoTome.2 system and an AxioCam MRc camera using identical 
exposure settings for all experiments. The mean fluorescence intensity 
in arbitrary units (a.u.) of each intestinal nucleus, for the GFP::SBP-1 
reporter, was quantified using the oval brush tool in Fiji ImageJ. The 
mean fluorescence intensity in arbitrary units of each head, for the 
CREp::GFP reporter, was quantified using the polygon selection tool in 
Fiji ImageJ. Then, mean intensity values in arbitrary units were graphed 
using GraphPad Prism, and statistical significance was determined 
using a two-tailed Mann–Whitney test. For imaging of endogenous 
CRTC-1::GFP, images were taken in the Sabri Ulker imaging lab using a 
Yokogawa CSU-X1 spinning confocal disk system (Andor Technology) 
combined with a Nikon Ti-E inverted microscope (Nikon Instruments). 
Images were taken using a 40× objective lens, Zyla cMOS (Zyla 4.2 Plus 
USB3) camera, and 488-nm laser for GFP.

Immunostainings and image analysis
Whole-mount preparations of dissected gonads and immunostain-
ings were performed as in ref. 65. Briefly, gonads from 24 h post-L4 
hermaphrodites were dissected and fixed with 1% formaldehyde for 
5 min, freeze-cracked and post-fixed in ice-cold 100% methanol 1 min, 
followed by blocking with 1% bovine serum albumin for 1 h. The follow-
ing primary antibodies were used at the indicated dilutions: mouse 
α-H3K4me3 (1:500, MAB Institute Inc. Wako 305-34819) and rabbit 
α-H3K9ac (1:1,000, Abcam ab10812). The secondary antibodies from 
Jackson ImmunoResearch Laboratories were used at the following 
dilutions: α-mouse Cy-3 (1:200, 115-165-003) and α-rabbit Alexa 488 
(1:500, 111-545-003). 4′,6-Diamidino-2-phenylindole (DAPI) was used 
to counterstain DNA. Vectashield from Vector Laboratories was used 
as a mounting media and anti-fading agent. Imaging was performed 
using an IX-70 microscope (Olympus) with a cooled CCD camera (model 
CH350; Roper Scientific) controlled by the DeltaVision system (Applied 
Precision). Images were collected using a 40× objective, and Z-stacks 
were set at 0.2-μm-thickness intervals using identical exposure settings 
for each antibody. Image deconvolution was done using the SoftWoRX 
3.3.6 program (Applied Precision) and processed with Fiji ImageJ. 
Gonads were imaged by dividing the gonad into three sections from 
distal to loop regions. To quantify H3K4me3 and H3K9ac expressions, 
intensity in arbitrary units of each section was quantified using the 
polygon selection tool in Fiji. Then, all values from each section of a 
single gonad were pulled together. Mean intensity values in arbitrary 
units were graphed using GraphPad Prism, and statistical significance 
was determined by unpaired t-test.

Co-IP
Pulled-down proteins were obtained from N2 (wild type),  
crtc-1::3xFLAG, crtc-1::3xFLAG;set-2(ok952) and crtc-1CBD−/−::3xFLAG;set-
2(ok952) IPs 1-day-old animals. Animals were grown at 20 °C, collected 
in M9 medium, last two washes were done with lysis buffer with glycerol 
(100 mM HEPES pH 7.5, 2 mM MgCl2, 300 mM, 5 mM 2-mercaptoe-
thanol, 0.05% NP-40 and 10% glycerol) and protease (Sigma-Aldrich, 
8340) and phosphatase (Roche, 04906837001) inhibitors. Liquids 
were removed after the last centrifugation, and then samples were 
frozen in liquid nitrogen. Liquid-nitrogen-frozen pellets equivalent to 
1 g of animals were homogenized in 3 ml of lysis buffer (Sigma-Aldrich, 
L3412; 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM ethylenediamine-
tetraacetic acid and 1% Triton X-100) with protease and phosphatase 
inhibitors. Worms were lysed via sonication (Qsonica, Q700).  
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Protein concentration was measured using Pierce BCA protein assay kit 
(Thermo Fisher Scientific, PI23227) following manufacturer’s instruc-
tions. Anti-FLAG M2 magnetic beads (Sigma-Aldrich, M8823) were 
used to immunoprecipitate CRTC-1::3xFLAG. Beads were prepared by 
washing three times with 1× wash buffer (Sigma-Aldrich, W0390; 0.5 M 
Tris–HCl, pH 7.4, and 1.5 M NaCl). Each supernatant from sonication 
was incubated with prewashed beads overnight with end-over-end 
rotation at 4 °C. After incubation, beads were washed three times 5 min 
with lysis buffer (Sigma-Aldrich, L3412) on a rotator and protease and 
phosphatase inhibitors. Next, beads were rewashed 3 times 5 minutes 
with 1× wash buffer (Sigma-Aldrich, W0390) on a rotator and with 
protease and phosphatase inhibitors. Then, samples were ready to 
process for mass spectrometry.

Mass spectrometry for IP
Pulled-down proteins from crtc-1::3xFLAG  versus N2 and  
crtc-1::3xFLAG;set-2(ok952) versus crtc-1CBD−/−::3xFLAG;set-2(ok952) 
IPs were brought to pH 7.5 with 200 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid). Proteins were reduced using 5 mM 
dithiothreitol (Sigma-Aldrich) at 37 °C for 1 h, followed by alkylation 
of cysteine residues using 15 mM iodoacetamide (Sigma-Aldrich) in 
the dark at room temperature for 1 h. Excessive iodoacetamide was 
quenched using 10 mM dithiotheritol. Protein mixtures were diluted in 
1:6 ratio (v/v) using ultrapure water before digestion using sequencing-
grade trypsin (Promega) at 37 °C for 16 h. Subsequently, digested pep-
tides were desalted using self-packed C18 STAGE tips (3 M Empore)66 
for LC–MS/MS analysis. Desalted peptides were resuspended in 0.1% 
(v/v) formic acid and loaded onto high-performance liquid chromatog-
raphy–MS/MS system for analysis on an Orbitrap Q-Exactive Exploris 
480 (Thermo Fisher Scientific) mass spectrometer coupled to an Easy 
nanoLC 1000 (Thermo Fisher Scientific) with a flow rate of 250 nl min−1. 
The stationary phase buffer was 0.5% formic acid, and mobile phase 
buffer was 0.5% (v/v) formic acid in acetonitrile. Chromatography for 
peptide separation was performed using increasing organic proportion 
of acetonitrile (5–40% (v/v)) over a 120-min gradient) on a self-packed 
analytical column using PicoTipTM emitter (New Objective) using 
Reprosil Gold 120 C-18, 1.9 μm particle size resin (Dr. Maisch). The mass 
spectrometry analyzer operated in data-dependent acquisition mode 
with a top ten method at a 300–2,000 Da mass range.

Mass spectrometry data were processed by MaxQuant software 
version 1.5.2.8 (ref. 67) using the following setting: oxidized methionine 
residues and protein N-terminal acetylation as variable modification, 
cysteine carbamidomethylation as fixed modification, first search 
peptide tolerance 20 ppm, main search peptide tolerance 4.5 ppm. 
Protease specificity was set to trypsin with up to two missed cleavages 
allowed. Only peptides longer than five amino acids were analyzed, and 
the minimal ratio count to quantify a protein is 2 (proteome only). The 
FDR was set to 1% for peptide and protein identifications. Database 
searches were performed using the Andromeda search engine inte-
grated into the MaxQuant environment68 against the UniProt C. ele-
gans database containing 27,390 entries (November 2020). ‘Matching 
between runs’ algorithm with a time window of 0.7 min was employed 
to transfer identifications between samples processed using the same 
nanospray conditions. Protein tables were filtered to eliminate identi-
fications from the reverse database and common contaminants. Sup-
plementary Tables 1 and 5 present the data used for the volcano plots 
(Fig. 1a and Extended Data Fig. 3a) and enriched proteins. Enriched 
proteins were obtained on basis of their fold change, P value and pres-
ence (log2 intensity values) in each replicate.

GC–MS analysis of fatty acid profiles
Quantification of long-chain fatty acids was performed as described13. 
Briefly, for each condition, approximately 500 age-synchronized 
adults on day 1 were collected in M9 buffer and washed three times 
to remove residual bacteria in the worm pellets. Worm pellets were 

lyzed by sonication, and the protein concentration of the lysate was 
determined using the Pierce BCA Protein Assay Kit (Thermo- Scientific).  
The fatty acid C13:0 (NuChek Prep, dissolved in methanol) was added 
to each sample to serve as the internal reference control for variations 
introduced during derivatization and extraction steps. Fatty acids were 
derivatized into their respective fatty acid methyl ester (FAME) by incu-
bation in 2% H2SO4 (Sigma-Aldrich) in methanol (Fisher) at 55 °C over-
night. The reaction was stopped by the addition of 1.5 ml water (Fisher, 
MS grade). FAMEs were extracted in 300 μl hexane (Sigma-Aldrich) by 
vigorous vortexing and centrifuging at 224g for 1 min. The hexane layer 
containing the FAMEs was transferred into an amber GC vial (Agilent). 
FAME analysis was performed using an Agilent 7890A gas chromato-
graph equipped with an HP-5MS column. Each FAME peak was identi-
fied on the basis of its retention time and unique fragmentation ions 
and quantified using a serial dilution standard curve. FAME abundance 
measured by GC–MS was normalized to the internal C13:0 reference 
control of each sample. For each sample, FAME concentration (μg ml−1) 
was normalized to protein concentration (mg ml−1) as microgram of 
fatty acid detected per milligram of protein (μg mg−1). The fatty acid 
concentration (μg mg−1) for each mutant was normalized to the fatty 
acid concentration (μg mg−1) of N2 control. The final ratio is expressed 
as relative fatty acid levels in the graph. Three experiments were carried 
out with three replicates each. Relative fatty acid abundances were plot-
ted in Prism 8. Statistically, significant differences between samples 
were assessed using the unpaired, nonparametric Mann–Whitney test 
with Benjamini–Hochberg test for multiple hypothesis correction.

Western blots
More than 2,000 day-1 adults were used for each sample. Worms 
were collected in M9 buffer and washed three times in M9. Liquids 
were removed after centrifugation, and samples were frozen in liquid  
nitrogen. For worm lysis, RIPA buffer containing protease inhibi-
tors (Sigma-Aldrich, 8340) and phosphatase inhibitors (Roche, 
04906845001) was added to each sample at the same volume as 
the worm pellet. Worms were lysed via sonication (Qsonica, Q700). 
Protein concentration was measured using Pierce BCA protein assay 
kit (Thermo Fisher Scientific, PI23227) following the manufactur-
er’s instructions. 4× Leammli sample buffer (Bio-Rad, 1610747) was 
added to denature the proteins, and samples were heated to 95 °C for 
5 min. Samples containing 30–40 mg protein were loaded to 10–20% 
Tris–glycine gels (Thermo Fisher Scientific XP10205BOX) for sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis. Proteins were 
transferred to polyvinylidene fluoride membranes (Thermo Fisher 
Scientific, LC2005) and blocked with 5% non-fat milk powder in TBST. 
The following primary antibodies were used at the indicated dilu-
tions: rabbit α-H3K4me3 (1:1,000, Abcam ab8580), rabbit α-H3K9ac 
(1:1,000, Abcam ab10812), rabbit α-H3K18ac (1:1,000, Sigma-Aldrich 
07-354), rabbit α-H3K27ac (1:1,000, Abcam ab4729) and rabbit α-H3 
(1:1,000, Cell Signaling 9715). The secondary antibody was α-rabbit 
IgG HRP-linked (1:1,000, Cell Signaling 7074). Antibody signals were 
developed using SuperSignal West Pico PLUS Chemiluminescent  
Substrate (Thermo Fisher Scientific, 34577), and bands were quanti-
fied with Fiji ImageJ.

Single site analyses
Transcription factor binding sites analysis was done using oPOSSUM 
program, version 3.0 (ref. 30). The parameters used in the oPOSSUM 
were as follows: conservation cutoff, 0.4; matrix score threshold, 85%; 
analyzed sequences, 1 kb upstream of transcription start sites; Z-score 
cutoff, 10; Fisher score cutoff, 7.

In silico analysis for protein–protein interaction networks
IP data was used to identify protein-protein interactions for CRTC-1. The 
analysis was done using STRING, version 11.0 (http://www.string-db.
org). The parameters used in the STRING were as follows: network type, 
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full network; meaning of network edges, evidence; active interaction 
sources, all options (textmining, experiments, databases, co-expres-
sion, neighbourhood, gene fusion and co-occurrence); minimum 
required interaction score, 0.400; maximum number of interactions 
to show, no more than 5 interactions (first shell).

Tissue-enrichment analysis
Tissue-enrichment analysis was performed using the Enrichment 
Analysis tool69 from WormBase version WS280. q value threshold of 
0.1 was used as parameter.

Statistics and reproducibility
Fiji ImageJ was used for image quantifications. GraphPad Prism 9 was 
used for statistical analyses. Statistical details of experiments can be 
found in the figures’ legends. The log-rank (Mantel–Cox) method was 
used to compare survival curves. The Mann–Whitney test was used 
to analyze GFP::SBP-1 and CREp::GFP expressions. Two sample t-test 
was used to compare IP samples in volcano plot using Perseus soft-
ware 1.5.1.6. Mann–Whitney test with Benjamini–Hochberg test for 
multiple hypothesis correction was used to compare fatty acid levels. 
The unpaired t-test was used to compare the expression of antibody 
signals in immunofluorescence samples and western blots. For RNA-seq 
analysis, DEGs were identified using the Wald test. For all experiments, 
P values <0.05 were considered significant. Data distribution was 
assumed to be normal, but this was not formally tested. No statistical 
method was used to predetermine the sample size, but our sample sizes 
are similar to those reported in previous publications19,70,71. No data 
were excluded from the analyses. The investigators were not blinded 
to allocation during experiments and outcome assessment; however, 
worms were arbitrarily distributed for all experiments.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
All raw and processed sequencing data for RNA-seq libraries can be 
found under NCBI Gene Expression Omnibus72 (GEO) (https://www.
ncbi.nlm.nih.gov/geo/), ID GSE239572. All raw and processed data 
for proteomics can be found under ProteomeXchange (http://www.
proteomexchange.org/), ID PXD045747; proteomic data uploaded 
through jPOSTrepo73. Source data are provided with this article. Other 
original data will be available from the Lead Contact upon request.
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Extended Data Fig. 1 | CRTC-1 specifically regulates H3K4me3-mediated 
longevity. a, Lifespan curve showing that crtc-1null mutant has a similar lifespan 
to wild-type animals. b-e, crtc-1null mutant has no effect on lifespan extension by 
wdr-5.1 RNAi (b), suppresses lifespan extension in set-2 RNAi (c), and set-2(ok952) 

mutants (e), and reduces ash-2 RNAi-mediated longevity (d). f-i, Lifespan curves 
showing that CRTC-1 is not required to extend lifespan in raga-1(ok386) (f), 
clk-1(qm30) (g), daf-2 RNAi (h) worms, and dietary restriction (i). Survival curves 
compared by the Log-rank (Mantel-Cox) method.
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Extended Data Fig. 2 | CRTC-1CBD drives a transcriptional shift in H3K4me3-
deficient animals. a, GC-MS quantification of fatty acids. Mean ± SEM, from 
three biological replicates, P values by unpaired two-way ANOVA. b, Principal 
component analysis of the RNA-Seq data showing similarity between samples. 
Regularized log (rlog) transformed count was used, and principal components 

one and two were plotted on the x and y axes, respectively. c, Over-representation 
analysis of the Gene Ontology biological process terms for genes comprising all 
comparisons from the RNA-Seq samples: wild-type, set-2, crtc-1CBD−/−, and  
crtc-1CBD−/−;set-2 strains. The q-value cut-off is set as 0.05, with other parameters 
set as default.
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Extended Data Fig. 3 | CRTC-1 CBD-dependent binding proteins in H3K4me3-
deficient animals. a, Volcano plot showing proteins identified during 
immunoprecipitation analysis of endogenously tagged strains CRTC-1::3xFLAG 
relative to CRTC-1CBD−/−::3xFLAG strain in the set-2(ok952) background. The 
dotted line indicates a one-fold change. Four biological replicates. P values by 
two-sample t-test two-tailed. b, STRING protein-protein interaction network of 

CRTC-1CBD-dependent binding proteins identified during immunoprecipitation 
analysis. The network nodes are proteins. The edges represent the predicted 
functional associations. Redline (presence of fusion evidence), green line 
(neighbourhood evidence), blue line (co-occurrence evidence), purple line 
(experimental evidence), yellow line (text mining evidence), light blue line 
(database evidence), and blackline (co-expression evidence).
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Extended Data Fig. 4 | The AP-1 complex regulates levels of histone 
acetylation. a-d, Quantification of Western blots of wild-type, set-2, crtc-1CBD−/−, 
and crtc-1CBD−/−;set-2 worms for H3K4me3 (a), H3K9ac (b), H3K18ac (c), and 
H3K27ac (d) marks. H3 used as loading control, and values represent the mean 
of three independent blots, n = 3 blots for each graph. P values by unpaired 
t-test two-tailed. e, Fluorescence images of the distal region of the gonad from 
wild-type and jun-1(gk557);fos-1RNAi animals co-immunostained for H3K9ac 
(grey), H3K27ac (green), and DAPI (magenta). f-g, Quantification of fluorescence 
intensity detected for H3K9ac (f) and H3K27ac (g), indicating a significant 

reduction in both marks in jun-1(gk557);fos-1RNAi animals. Mean ± SEM of n 
gonads = wild-type (12) and jun-1(gk557);fos-1RNAi (12), pooled from three 
independent experiments. P values by unpaired t-test two-tailed. h, Western blot 
of wild-type and jun-1(gk557);fos-1RNAi animals for H3K9ac. i, Quantification 
of Western blots showing an increase of H3K9ac in jun-1(gk557);fos-1RNAi 
animals. H3 used as loading control, and values represent Mean ± SEM of three 
independent blots, n = 3 blots. P value by unpaired t-test two-tailed. Loading 
controls were running on different gels but derived from the same experiments, 
and gels and blots were processed in parallel.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | The acetylcholine pathway modulates histone 
acetylation levels and lifespan extension. a, Western blot of wild-type,  
sup-1(e995 e2636), ace-3(dc2), ace-1(p1000);ace-2(g72), and mct-6RNAi animals 
and the quantification (b). H3 levels used as loading control, and values represent 
the mean of three independent blots. Loading controls were running on different 
gels but derived from the same experiments, and gels and blots were processed in 
parallel. P values obtained by unpaired t-test. c, Fluorescence images of the  
distal region of the gonad from wild-type, sup-1(e995 e2636), ace-3(dc2),  
ace-1(p1000);ace-2(g72), and mct-6RNAi animals co-immunostained for H3K9ac 
(grey), H3K27ac (green), and DAPI (magenta). d-e, Quantification of fluorescence 

intensity detected for H3K9ac (d) and H3K27ac (e). Mean ± SEM of  
n gonads = wild-type (12), sup-1(e995 e2636) (13), ace-3(dc2) (12), ace-1(p1000); 
ace-2(g72) (12), and mct-6RNAi (13), pooled from three independent experiments. 
P values by unpaired t-test. f-h, Survival curves showing a lifespan extension in 
sup-1(e995 e2636) (f), ace-3(dc2) (g), and ace-1(p1000);ace-2(g72) (h) mutants but 
not further extension in lifespan during the set-2 knockdown. i, Survival curves 
demonstrating that knockdown of mct-6 blocks the lifespan extension in  
set-2RNAi. Survival curves compared by the Log-rank (Mantel-Cox) method  
(see Supplementary Table 2 for lifespan statistics).
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