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Abstract

Aging is accompanied by declining protein synthesis and ribosome abundance, yet reduced
translation can extend lifespan. Whether the age-associated decline is adaptive or reflects a
pathological failure remains unclear. Here, we show that a breakdown in the coordination of
ribosome biogenesis and assembly drives shortened lifespan. We identify the C. elegans ncl-1/BRAT
tumor suppressor as a key coordinator of ribogenesis as well as cytosolic and mitochondrial
ribosome production, whose loss leads to premature aging and proteostasis collapse. Importantly,
we demonstrate that restoring cytosolic ribosomal homeostasis downstream of the nucleolus, by
tamping down ribogenesis factor M/RNAse P and mitochondrial ribosomes, is sufficient to rescue
cytosolic ribosomal coordination, proteostasis and longevity. Our findings identify age-associated
ribosome dysfunction as a qualitative failure of ribosomal biogenesis, and show that restoring
ribosomal homeostasis is sufficient to improve proteostasis and extend lifespan.
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1 Introduction
2

3 Protein synthesis is a highly regulated and energetically demanding process essential to healthy
4 cellular function, and its dysregulation is a conserved feature of aging. Across taxa, aging is
5 associated with a progressive decline in both global protein synthesis (Blazejowski & Webster, 1983;
6 Dwyer et al., 1980; Fando et al., 1980; Layman et al., 1976; Motizuki & Tsurugi, 1992; Stein et al.,
7 2022; Ward & Richardson, 1991; Webster & Webster, 1979) and ribosomal protein (RP) abundance
8 (Walther et al., 2015; Ubaida-Mohien et al., 2019; Llewellyn et al., 2023; Lu et al., 2023; H. Zhu et al.,
9 2023; Anisimova et al., 2020; Di Fraia et al., 2025; Brown et al., 2018; Dhondt et al., 2017).

10 Paradoxically, many lifespan-extending interventions downregulate global protein synthesis, and
11 genetic or pharmacological attenuation of translation is sufficient to extend lifespan in multiple
12 organisms (Bitto et al., 2016; Chen et al., 2007; Chiocchetti et al., 2007; Curran & Ruvkun, 2007;
13 Demontis & Perrimon, 2010; Hansen et al., 2007; Hu et al., 2018; McCormick et al., 2015; Pan et al.,
14 2007; Steffen et al., 2008). This raises the question of whether the fall off in translation during
15 normative aging is adaptive or maladaptive. Other studies implicate multiple facets of protein
16 synthesis, including translational fidelity, ribosomal quality control, stoichiometric balance,
17 aggregation, and turnover, as critical for cellular health (Anisimova et al., 2018; Dhondt et al., 2017;
18 Koyuncu et al., 2021; López-Otín et al., 2023; Martinez-Miguel et al., 2021; Sacramento et al., 2020;
19 Sirozh et al., 2024; Stein et al., 2022; Walther et al., 2015). Together, these observations suggest that
20 selectively restoring ribosomal integrity later in life, rather than globally modulating translation, may
21 benefit organismal homeostasis and longevity.

22 The nucleolus is a phase-separated organelle within the nucleus that coordinates ribosomal
23 biogenesis (ribogenesis) through the orchestrated transcription and processing of ribosomal RNA
24 (rRNA) and its assembly with RPs, and is therefore a major regulator of protein synthesis. We
25 previously found that small nucleolar size is a cellular hallmark of longevity pathways across species,
26 while enlarged nucleoli are associated with shorter lifespan. Notably, loss of the C. elegans cytosolic
27 protein NCL-1, a homolog of BRAT/TRIM2/TRIM3, leads to enlarged nucleoli and disrupts longevity
28 across diverse anti-aging paradigms, placing the nucleolus downstream of multiple life-extending
29 pathways (Frank & Roth, 1998; Yi et al., 2015; Tiku et al., 2017). Consistent with this, human primary
30 fibroblasts display a positive correlation between nucleolar dimension and chronological age, with
31 patients suffering from Hutchinson-Gilford progeria syndrome, a rare accelerated aging disorder,
32 exhibiting dramatically enlarged nucleoli (Buchwalter & Hetzer, 2017). Similarly, mammalian
33 senescent cells as well as yeast mother cells near the end of their replicative life span display
34 enlarged nucleoli, supporting nucleolar size as a biomarker of aging and senescence (Bemiller & Lee,
35 1978; Gutierrez & Tyler, 2024; Jo et al., 2024).

36 These findings raise the hypothesis that aging is associated with a progressive dysregulation of
37 nucleolar function and ribosomal component production and assembly. In this framework, we used
38 ncl-1 loss-of-function mutants as a model of accelerated, age-related failure in ribosome biogenesis.
39 We show that ncl-1 loss disrupts ribosomal protein stoichiometry, decouples RP transcript and
40 protein abundance, and compromises ribosomal subunit assembly, leading to loss of proteostasis.
41 Importantly, we identify a means to robustly restore longevity downstream of nucleolar dysfunction
42 by targeting either the RNAse P/MRP complex involved in rRNA and tRNA processing or the
43 mitochondrial ribosome. These interventions sustain mature rRNA and RP abundance, improve
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44 cytosolic ribosomal subunit assembly, and reduce protein aggregation, despite persistent nucleolar
45 enlargement and elevated pre-rRNA levels. Our findings demonstrate that restoring balance in
46 ribosomal biogenesis, stoichiometry, and assembly can improve cytosolic ribosomal function and
47 prolong lifespan.

48

49 Results
50

51 Loss of ncl-1 in worms shortens lifespan and perturbs ribosome biogenesis.
52

53 Loss of ncl-1 (e1942) expands nucleolar size and reduces the lifespan in canonical longevity pathways
54 (Tiku et al., 2017). To assess its role in somatic aging, we analyzed ncl-1 loss-of-function in long-lived
55 glp-1 (e2141)mutants lacking the germline. As previously shown (Tiku et al., 2017), glp-1 ncl-1
56 mutants exhibited reduced lifespan. In addition, we observed increased senescence-associated β-
57 galactosidase, and impaired mobility compared to glp-1 controls (Figs. 1a and 3f, Extended Data Fig.
58 1c; Supplementary Table 1), indicating that NCL-1 is essential for somatic health and longevity.

59 Similarly, ncl-1mutants were shorter lived than wild-type N2 worms and showed accelerated
60 functional decline under identical temperature conditions (Figs. 1b, Extended Data Fig. 1a-b;
61 Supplementary Table S1), indicating premature aging in both germline-deficient and wild-type
62 contexts. This prompted us to ask whether nucleolar size changes during normative aging in wild-
63 type N2 worms. Nucleolar size increased modestly during normal aging in N2 worms, measured
64 using FIB-1::NeonGreen (Fig. 1c,d), corroborating similar findings in other species (Buchwalter &
65 Hetzer, 2017; Gutierrez & Tyler, 2024). Correspondingly, single-worm proteomics revealed that NCL-
66 1 levels significantly decline with age in wild-type N2 worms (Extended Data Fig. 1h).

67 To define underlying mechanisms, we performed bulk transcriptomic and proteomic analyses of glp-
68 1 ncl-1 and glp-1 day 1 adult worms. Differential expression analysis revealed widespread changes
69 (RNA: 1633 up, 960 down; protein: 331 up and 320 down; adj. p-value < 0.05; Fig. 1e, Extended Data
70 Fig.1d, e; Supplementary Table S2), with similar global mRNA-protein correlation between

71 genotypes (R² ≈ 0.5; Extended Figs. 1f, g). Most significant changes showed concordant changes (R2

72 = 0.654, 98.1% in Q2/Q3), with a bias toward upregulation in ncl-1mutants (Fig. 1f).
73
74 Consistent with NCL-1-mediated post-transcriptional repression (Sonoda & Wharton, 2001; West et
75 al., 2018; Yi et al., 2015), the 3’ UTR UUGUU motifs were enriched among regulated transcripts
76 (P<0.001; Fig. 1h and Extended Data Fig. 1i), including genes involved in rRNA transcription, rRNA
77 processing, and ribosome biogenesis, such as fib-1, utp-20, rpoa-2, and ngp-1 (Extended Data Fig.
78 1j). This UUGUU enrichment extended to the proteome: 62.5% of upregulated proteins contained ≥
79 3 motifs versus 15.3% of non-significant proteins, while downregulated proteins were depleted
80 (6.64%) (Fig. 1i, Extended Data Fig. 1k) These motif-rich encoded proteins showed a bias towards
81 upregulation and they were strongly enriched for ribosome biogenesis, rRNA and tRNA processing,
82 and both cytosolic and mitochondrial translation (Extended Data Fig. 1l), indicating that loss of ncl-1
83 preferentially enhances the abundance of translation-related proteins bearing its cognate regulatory
84 motif.
85
86 More broadly, gene ontology analysis further highlighted nucleolar functions as the primary affected
87 processes, with co-upregulated categories including ribosome biogenesis and translation, and co-
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88 downregulated categories including lipid metabolism and stress responses (Fig. 1g; Supplementary
89 Table 3). Together, these data identify NCL-1 as a gatekeeper for ribosome biogenesis whose loss
90 drives nucleolar enlargement, translation dysregulation, and accelerated somatic aging.

91
92 Figure 1. Disruption of ncl-1 in germline-deficient glp-1 worms reduces lifespan and elevates
93 expression of genes involved in ribogenesis and protein synthesis

94 a. Representative lifespan analysis of glp-1 (e2141) and glp-1(e2141) ncl-1 (e1942) worms. ³3
95 independent biological replicates, with n>100 worms per condition per experiment (Log-
96 rank Mantel-Cox test, p<0.0001).
97 b. Lifespan analysis of N2 and ncl-1 (e1942) worms under the same conditions (³3 replicates,
98 n>100; Log-rank Mantel-Cox test, p<0.0001).
99 c. Nucleolar area in hypodermal cells measured using FIB-1::NeonGreen in N2 (day 1, 5, and 8

100 of adulthood), and glp-1 and glp-1 ncl-1 (day 1). Each dot represents the mean of 5-15
101 nucleoli per worm (n=8-20). Kruskal-Wallis test post hoc Dunn’s multiple comparisons test.
102 N2 d5 vs N2 d1 p = 0.0003, N2 d8 vs N2 d1 p = 0.0033, glp-1 ncl-1 vs glp-1 p = 0.0001, glp-1
103 ncl-1 vs N2 =<0.0001, glp-1 vs N2 n.s.
104 d. Representative DIC and FIB-1::NeonGreen images of nucleoli in head hypodermal cells.
105 e. Principal-component analysis of RNA-seq (n=3) and proteomics (n=5) from glp-1 and glp-1
106 ncl-1 (day 1). Samples separate primarily along PC1.
107 f. Co-regulation plot of transcript and protein log2 fold changes of glp-1 ncl-1 vs glp-1.
108 Quadrants: Q1 post-transcriptionally repressed, Q2 co-upregulated, Q3 co-downregulated,
109 and Q4 post-transcriptionally increased co-downregulated. Pie chart shows candidate
110 distribution; most changes are co-regulated with enrichment in upregulated genes. Colored
111 points are significant in both datasets (p. adj<0.05).
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112 g. Top 10 GO Biological Process terms significantly enriched in quadrant Q2 and Q3.
113 h. The NCL-1 mRNA-binding motif (UUGUU) is significantly enriched in the fraction of
114 significantly regulated genes in glp-1 ncl-1mutants (Fisher’s exact test). Shown are
115 representative genes with high fold change on the mRNA level and high motif number.
116 i. Proteomic analysis reveals enrichment of the NCL-1–associated post-stop motif (UUGUU) in
117 upregulated proteins. Stacked bars show motif presence (+UUGUU) or absence (−UUGUU) across
118 regulation groups. (Sign. upregulated vs not significant p = 3.74 x10-70, sign. downregulated vs
119 not significant p = 1.66 x 10-5, Fisher’s exact test).
120
121 ***<0.001, ****<0.0001

122
123 Ribosomal proteins exhibit transcript-protein decoupling during aging.
124

125 Progressive discoordination between mRNA and protein levels has been associated with loss of
126 stoichiometric balance within protein complexes during aging (Di Fraia et al., 2025; Sacramento et
127 al., 2020). To assess how aging impacts transcript-protein coordination in WT C. elegans, we
128 integrated published single-worm RNA-seq data (Eder et al., 2024) with our own single-worm
129 proteomics dataset from N2 animals sampled from day 1 to day 16 of adulthood (Fig. 2a;
130 Supplementary Table 4).

131 Weighted gene co-expression network analysis (WGCNA) was performed to identify gene modules
132 exhibiting similar expression trajectories across aging, thereby capturing age-associated expression
133 changes. Notably, among genes showing anticorrelated behavior (increased transcript but decreased
134 protein levels), gene ontology analysis revealed significant enrichment for translation, nucleolus, and
135 ribosome (Fig. 2b, c; Supplementary Table 5). When specifically focusing on ribosomal proteins (RPs),
136 we could see a significant negative correlation within a subset of the RP genes (Fig. 2d, e), indicating
137 age-associated decoupling between RP transcripts and their corresponding protein abundances. This
138 pattern, previously observed in other organisms (Di Fraia et al., 2025; Khatir et al., 2023), represents
139 the first evidence of progressive RP decoupling during worm aging.

140 Building on this finding, we next examined whether this signature was altered by comparing glp-1
141 ncl-1 and glp-1 worms at day 1(Fig. 2f). Ribosomal biogenesis factors involved in ribosome assembly
142 and rRNA processing, as well as translation factors generally showed a coordinated increase of
143 transcript and protein levels upon ncl-1 loss (R2 = 0.5008 and R2 =0.1268, respectively). In contrast,
144 most cytosolic RPs were transcriptionally upregulated, without corresponding increases at the
145 protein level, indicating loss of coordination (R2= 0.1182). Exceptionally, mRNA and protein levels of
146 RPL-24.2 were, while RPL-11.1 mRNA increased, but protein decreased. Mitochondrial RPs similarly
147 exhibited minimal transcript-protein correlation (R² = 0.0021), despite partial upregulation in both
148 datasets. This lack of correlation appears to stem from the broad spread in transcript-level changes.
149

150 Thus, while ribosome biogenesis and translation factors remain coordinated, both cytosolic and
151 mitochondrial RPs exhibit pronounced transcript-protein decoupling. The early emergence of this
152 aging-associated signature at day 1 supports the idea that ncl-1 loss drives an accelerated aging state
153 of ribosomal protein dysregulation.
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154

155 Figure 2. Age-associated decoupling of ribosomal protein mRNA and protein abundance
156 a. Schematic of experimental sampling for single-worm RNA sequencing (BioProject:
157 PRJNA1015633, (Eder et al., 2024a)) and single-worm proteomics across adult aging.

158 b. Schematic of mRNA–protein expression trajectories during aging in wild-type N2 worms.
159 Genes were clustered based on WGCNA modules (see Methods) as upregulated,
160 downregulated, or not changed across adult aging at the mRNA level (left) and the protein
161 level (right). Bar colors indicate direction of change. Flows show transitions between mRNA
162 and protein categories. This representation highlights concordant and discordant aging
163 trajectories between transcript and protein abundance.

164 c. Top 10 GO: BP and GO: CC terms enriched in anti-correlated mRNA-protein sets derived
165 from B. (p. adj. <0.05).
166 d. Z-score expression trajectories of RP genes during aging in wild-type N2 worms at the mRNA
167 level and E. protein level. Each line represents an individual RP; the red line shows the
168 average trend.
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169 F. Co-regulation of transcript and protein log2 fold changes of the translational machinery
170 categorized by GO: BP using data from Figure 1E-G. Correlation p values: whole translation
171 machinery p <0.0001, cytosolic RPs p =0.0047, mitochondrial RPs p=0.7456, translation
172 factors p <0.0005, and ribosome biogenesis

173 p <0.0001.) ***<0.001, ****<0.0001

174

175 RNAi screen identifies mitochondrial ribosome and RNAse P/MRP complex components as
176 suppressors of ncl-1 aging phenotypes.
177

178 To identify pathways mediating the accelerated aging phenotype in ncl-1mutants, we conducted a
179 targeted RNAi suppressor screen. Candidates were selected from enriched GO terms showing
180 significant transcript and protein expression changes in glp-1 ncl-1mutants compared to glp-
181 1 controls and further filtered for conservation, UUGUU motif enrichment, and non-lethality,
182 yielding 67 candidates (Fig. 3a).

183 We assessed lifespan rescue in glp-1 ncl-1 worms as a functional readout. Notably, several
184 candidates significantly extended the lifespan of glp-1 ncl-1 worms to levels comparable to glp-
185 1 controls (Fig. 3b; Supplementary Table S1). The strongest suppressors clustered in two complexes:
186 the RNAse P/MRP complex and the mitochondrial ribosome. Knockdown of multiple components
187 from each complex reproducibly extended the lifespan of glp-1 ncl-1 worms (Fig. 3b, Extended Data
188 Fig. 2a-b, Supplementary Table 1).

189 We focused onmrps-16 and popl-1 as representative components of these complexes, due to their
190 robust and reproducible effects (Fig. 3c-d; Supplementary Table 1). mrps-16 encodes a small subunit
191 protein of the mitochondrial ribosome, while popl-1 encodes a major subunit of the RNAse P/MRP
192 complex involved in pre-rRNA processing as well as tRNA maturation. Importantly, knockdown of
193 either gene extended lifespan in wild-type worms (Fig.3e), indicating germline- independent effects.
194 Bothmrps-16 and popl-1 transcripts harbor 2-3 UUGUU motifs after the stop codon (Supplementary
195 Table 6), andmrps-16::mKate andmKate::popl-1 endogenous reporters showed increased
196 expression upon ncl-1 loss (Extended Data Fig. 2f-g), indicating that they are direct or indirect post-
197 transcriptional targets of NCL-1 regulation. We also examined the genetic interaction of mrps-16 and
198 popl-1 knockdown on life span regulation. Simultaneous knockdown did not further extend lifespan,
199 and neither knockdown altered the expression level of the other (Extended Data Fig. 2c-e;
200 Supplementary Table 1) suggesting a shared downstream mechanism.

201 To define downstream effects of these knockdowns, we examined age-associated phenotypes. We
202 first measured senescence-associated β-galactosidase (SA-β-gal) activity in aging worms, as a
203 measure of senescence-related phenotypes (Figs. 3f-g) (González-Gualda et al., 2021; Venz et al.,
204 2024; Nonninger et al., 2025). SA-β-gal staining increased with age across all genotypes, including
205 the long-lived glp-1mutants. Loss of ncl-1 further elevated SA-β-gal activity at both young and old
206 time points, whilemrps-16i or popl-1i significantly reduced SA-β-gal staining at older age, suggesting
207 that the suppressors ameliorate senescence-related changes.

208 We next wondered whether the lifespan-extending RNAi treatments impact nucleolar expansion-
209 another feature of senescence (Bemiller & Lee, 1978; Jo et al., 2024). As expected, glp-1 ncl-1



9

210 mutants exhibited significantly enlarged nucleoli (Figs. 3h-i). Surprisingly, neither mrps-16i nor popl-
211 1i significantly affected nucleolar size in glp-1 ncl-1mutants. This finding indicates that nucleolar size
212 and lifespan can be uncoupled through downstream pathways.

213

214 Figure 3. RNAi screen identifies mitochondrial ribosome and RNAse P/MRP complex components as
215 suppressors of ncl-1 aging phenotypes

216 a. Candidate selection for RNAi lifespan rescue screen based on GO-term enrichment and
217 transcript/protein fold changes (glp-1 ncl-1 vs glp-1). Additional filtering for UUGUU motif
218 presence, conservation, RNAi availability, and lethality yielded 67 candidates.
219 b. Percentage lifespan difference of RNAi treatments in glp-1 ncl-1 relative to luciferase RNAi
220 control (set to 0). Grey dashed line indicates percent lifespan extension of glp-1 vs glp-1 ncl-
221 1. RNAi treatments are color-coded by GO-term (n>100 worms).
222 c. – D. Lifespan analysis of glp-1 ncl-1 worms onmrps-16 RNAi, C. or popl-1 RNAi D., and
223 control RNAi. Five independent biological replicates, n>100 worms per condition (log-
224 rank Mantel-Cox test, p<0.0001).
225 a. Lifespan analysis of N2 worms onmrps-16 RNAi or popl-1 RNAi and control luciferase RNAi.
226 (5 replicates, n>100 worms; log-rank Mantel-Cox test, p<0.0001 and p<0.0005).
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227 b. Representative SA-β-galactosidase staining in head regions of glp-1, glp-1 ncl-1 worms on
228 luciferase control,mrps-16 RNAi, or popl-1 RNAi at day 1 and 8 of adulthood. (Scale bars
229 100 μm).
230 c. Quantification of SA-β-gal staining. Each dot represents quantification from one worm.
231 (n=30-45 worms, 2-way ANOVA post hoc Tukey’s test: Day 1 n.s.; Day 8 glp-1 vs glp-1 ncl-1
232 p=0.0005, glp-1 ncl-1 vs glp-1 ncl-1 mrps-16i p=0.0184, glp-1 ncl-1 vs glp-1 ncl-1 popl-1i
233 p=0.0001; Geometric mean with 95% CI)
234 d. Nucleolar area in hypodermal cells (day 5) measured using FIB-1::NeonGreen. Each dot
235 represents the mean of 5-15 nucleoli per worm (n=8). Kruskal-Wallis test post-hoc Dunn’s
236 multiple comparisons, mean ± SEM). glp-1 ncl-1 vs glp-1 p = 0.0018, glp-1 ncl-1 onmrps-16
237 RNAi vs glp-1 p = 0.0010, glp-1 ncl-1 on popl-1 RNA vs glp-1 p = 0.0027. glp-1 ncl-1 onmrps-
238 16 RNAi vs glp-1 ncl-1 n.s, and glp-1 ncl-1 on popl-1 RNA vs glp-1 ncl-1 n.s
239 e. Representative DIC and FIB-1::NeonGreen images of nucleoli in hypodermal cells (day 5).
240
241 ns = not significant, *<0.05, **<0.01, ***<0.001, ****<0.0001

242
243 Knockdown of mitochondrial RP or RNAse P/MRP complex sustains rRNA and ribosomal
244 protein abundance in ncl-1mutants
245

246 Nucleolar size is linked to rRNA transcription, which can be approximated by measuring levels of pre-
247 processed rRNA precursors containing transcribed spacers (i.e., ITS, ETS) (Ding et al., 2022). To
248 investigate whether nucleolar enlargement in glp-1 ncl-1mutants reflects increased precursor rRNA
249 production, we quantified pre-rRNA levels by RNA-seq and qRT–PCR. Pre-rRNA abundance was
250 significantly elevated in glp-1 ncl-1 worms compared to glp-1 controls and remained high upon
251 mrps-16 or popl-1 knockdown (Fig. 4a-b, Extended Data Fig. 3a-c), indicating that nucleolar
252 enlargement in ncl-1mutants is strongly associated with increased pre-rRNA transcription, while not
253 excluding additional contributions from downstream processing or turnover. Consistently,
254 knockdown of the RNA polymerase I subunit rpoa-2, previously shown to reduce nucleolar size in
255 wild-type animals (Eberhard et al., 2013), also suppressed nucleolar enlargement in glp-1 ncl-1
256 mutants (Extended Data Figure 3d).

257 We next quantified mature rRNA species (18S and 26S). At day 1 of adulthood, glp-1 ncl-1mutants
258 displayed significantly increased 18S and 26S rRNA levels relative to glp-1 controls, and treatment
259 withmrps-16i or popl-1i had no further effect (Extended Data Fig. 4a-b). However, by day 5, mature
260 rRNA levels in glp-1 ncl-1 worms dropped, and were, surprisingly, no longer significantly elevated
261 relative to glp-1 controls (Fig. 4c), despite persistently elevated pre-rRNA levels, suggesting an age-
262 dependent uncoupling between pre-rRNA transcription and steady-state mature rRNA levels. In
263 contrast,mrps-16i or popl-1i maintained significantly elevated 18S and 26S rRNA levels, suggesting
264 better coordination between rRNA production and maturation with age.

265 The preservation of mature rRNA levels in glp-1 ncl-1 worms treated withmrps-16i or popl-1i raised
266 the question of whether restored rRNA homeostasis reflects improved ribosome composition and
267 proteome integrity. To address this, we performed single-worm proteomic analyses of worms at day
268 1 and day 5(Extended Data Fig. S4c-f; Supplementary Tables 7 and 8). At day 5, glp-1 ncl-1 showed
269 extensive proteome remodeling mutants compared to glp-1, with 1008 proteins significantly
270 upregulated and 1036 downregulated (Extended Data Fig. 5a-d). Both mrps-16i and popl-
271 1i treatments substantially altered the proteome of glp-1 ncl-1mutants, with 1446 and 378
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272 differentially expressed proteins compared to glp-1 ncl-1, respectively, and 216 shared differentially
273 expressed proteins (Fig. 4d; Supplementary Table 9), suggesting some common molecular pathways
274 mediate their lifespan-extending effects. Gene ontology analysis revealed that commonly
275 downregulated proteins were enriched for cytoskeletal organization, cell migration, and fatty acid
276 metabolism. Interestingly, there was also a significant enrichment in upregulated processes related
277 to ribogenesis, cytosolic and mitochondrial translation, and RNA processing (Fig. 4d, Supplementary
278 Table 10). This finding indicates that both suppressors converge on similar processes, including
279 regulation of the protein synthesis machinery, despite their residing in distinct complexes and
280 compartments (mitochondria and nucleolus).

281 Given that gene ontology analysis revealed enrichment for ribogenesis and translation-related
282 processes (Fig. 4d), we next examined whether ribosomal protein abundance was altered with age.
283 At day 1 of adulthood, glp-1 ncl-1mutants exhibited moderately increased abundance of multiple
284 ribosomal proteins compared to glp-1 controls (Extended Data Fig. S4g-h). However, this difference
285 became less pronounced by day 5, where glp-1 ncl-1mutants showed reduced elevation, while
286 mrps-16i and popl-1i showed sustained elevation of ribosomal proteins (Fig. 4e), indicating
287 maintenance of cytosolic ribosomal protein production. On the other hand, popl-1i had minimal
288 effects on mitochondrial RP abundance, while mrps-16i selectively altered mitochondrial ribosomal
289 subunit composition, consistent with its direct role (Extended Data Figs. 4i-j and 5e-f). Collectively,
290 these results indicate that popl-1i andmrps-16i sustain higher levels of both cytosolic ribosomal
291 proteins and mature rRNA with age, potentially supporting ribosomal function despite persistent
292 nucleolar enlargement.
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293

294 Figure 4. Knockdown of mitochondrial RP or RNAse P/MRP complex sustains rRNA and RP
295 abundance.

296 a. Schematic of the precursor rRNA containing ETS and ITS regions and its processing into
297 mature 18S, 5.8S, and 26S rRNAs.

298 b. Quantification of 5’ ETS, ITS1, and ITS2 from RNA-seq data (day 5). glp-1 ncl-1 worms show
299 elevated levels compared to glp-1 (5’ETS p =0.0043; ITS1 p =0.0285; ITS2 p =0.0069),
300 whereasmrps-16i or popl-1i show no significant difference relative to glp-1 ncl-1. Each dot
301 represents one biological replicate (n=4; 2-way ANOVA post hoc Tukey’s multiple
302 comparisons test; mean ± SD).
303 c. Mature 18S and 26S rRNA levels (day 5). NO significant difference between glp-1 ncl-1 and
304 glp-1. mrps-16i and popl-1i have more 18S rRNA (p =0.0048) and 26S rRNA (p =0.0048 and
305 p=0.0219) compared to glp-1. Each dot represents one experiment with all genotypes
306 measured in parallel (n=6; Friedman ANOVA post hoc Dunn’s multiple comparisons test;
307 mean ± SEM).
308 d. Overlap of differentially expressed proteins (DEPs) at day 5 in glp-1 ncl-1 mrps-16i and glp-1
309 ncl-1 popl-1i compared to glp-1 ncl-1 (216 shared DEPs). Top enriched GO: BP terms are
310 shown (p adj. <0.05).
311 e. Average Z-scores of cytosolic ribosomal proteins detected by single worm proteomics (day
312 5). Z-scores were calculated per protein; red indicates above-average and blue below-
313 average expression.
314
315 ns = not significant, *<0.05, **<0.01
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316

317 Mitochondrial ribosome and RNAse P/MRP complex knockdown restore ribosomal
318 protein stoichiometry and mRNA-protein coordination.
319

320 We next asked whether the lifespan-extending suppressors preserve ribosomal stoichiometry and
321 coordination during aging. To quantify the coordination among RPs, we computed the pairwise
322 protein–protein correlations among RPs from our proteomic data on day 1 and day 5 of
323 adulthood (Fig. 5a). As a negative control, we recalculated pairwise correlations using an abundance-
324 matched background protein set (Leote et al., 2024) (Fig. 5b-c). This analysis was performed across
325 independent single-worm proteomics experiments, yielding consistent RP correlation distributions
326 across batches (Extended Data Fig. 8a-b). At day 5, glp-1 ncl-1 shifted the RP distribution
327 toward lower correlations relative to glp-1 (p <0.0001), indicating a loss of stoichiometric
328 coordination within the ribosome. mrps-16i and popl-1i treatments had higher mean correlation
329 densities within the RP pairs, rescuing ribosomal stoichiometry coordination (p <0.0001). Analysis at
330 the level of individual ribosomal proteins revealed that a subset of RPs exhibited pronounced
331 average correlation loss in ncl-1mutants, which was commonly rescued by both knockdowns (Fig.
332 5d; Extended Data Fig. S8c-d). These findings indicate that ncl-1-driven loss of RPs and RiBi
333 stoichiometry is functionally reversible by perturbation of either the mitochondrial ribosome or the
334 RNAse P/MRP complex.

335 We next assessed whether this restoration extends to mRNA–protein coordination. To do so, we
336 analyzed transcript-protein co-regulation of the translational machinery using single-worm
337 proteomic and transcriptomic data from day 1 of adulthood (Extended Data Fig. 6a-e), similar to Fig.
338 2, above. Consistent with the bulk proteomics, glp-1 ncl-1mutants exhibited strong co-upregulation
339 of the translational machinery as a whole (Fig. 5e, top; R² = 0.473; Figure S6E). Ribosome biogenesis
340 and translation factors showed the highest mRNA–protein concordance (Figure 5E, RiBi, R² = 0.54;
341 translation factors, R² = 0.44; Extended Data Fig. 6e). In contrast, cytosolic and mitochondrial RPs
342 displayed markedly weaker correlations (R² = 0.156 and R² = 0.0012, respectively), with ten cytosolic
343 RPs showing anticorrelation.

344 mrps-16i and popl-1i treatment induced comparable correlations of mRNA–protein coupling for
345 translation and RiBi factors (Fig. 5d, Extended Data Fig. 6e; mrps-16i R² = 0.385 and 0.602; popl-1i R²
346 = 0.536 and 0.589 for translation and RiBi, respectively). Importantly, mrps-16i and popl-
347 1i knockdowns restored the correlation among cytosolic RPs (mrps-16i R² = 0.429; popl-1i R² = 0.350)
348 and reduced the number of anticorrelated proteins to one (RPL-32) and two (RPL-12 and RPL-43). In
349 contrast, mitochondrial RPs remained poorly correlated across all conditions, with mrps-16 RNAi
350 increasing the fraction of anticorrelated mitochondrial RPs (27.3% of the total number of
351 mitochondrial RPs) relative to glp-1 ncl-1 (5.4%).

352 These results indicate that targeting either mitochondrial ribosome or RNAse P/MRP complex
353 restores cytosolic ribosomal protein stoichiometry and mRNA–protein coordination in ncl-1mutants.
354 This occurs despite persistent nucleolar enlargement, suggesting that improved ribosome
355 composition and coordination are linked to extended lifespan.
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356

357 Figure 5. Mitochondrial ribosome and RNAse P/MRP complex knockdown restore ribosomal protein
358 stoichiometry and mRNA-protein coordination.

359 a. Protein abundance profiles with higher correlation (top) illustrate coordinated expression typical
360 of healthy or youthful states, whereas lower correlation (bottom) reflects loss of coordination in
361 unhealthy or aged states. The correlation coefficient distributions (right) highlight the global shift
362 from high correlations in healthy samples to lower correlations in unhealthy samples.

363 b. Distribution of pairwise protein-protein Pearson correlations among RPs at day 1 and C. day 5 in
364 glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16i, and glp-1 ncl-1 popl-1i. Dashed lines indicate mean
365 correlations. All comparisons versus glp-1 are significant (p<0.0001; two-sided Welch’s t-test; ~15
366 samples per repeat, 3 repeats).
367 d. Heatmap of pairwise ribosomal protein correlations (r) across genotypes at day 5.
368 e. Co-regulation of transcript and protein expression (R2) for translational machinery (GO: BP) at day
369 1. Pearson R2 values: glp-1 ncl-1 vs glp-1: whole translation machinery p <0.0001, cytosolic RPs p
370 =0.0005 and mitochondrial RPs p=0.8054; glp-1 ncl-1 mrps-16i vs glp-1 ncl-1: whole translation
371 machinery p <0.0001, cytosolic RPs p <0.0001 and mitochondrial RPs p=0.3973; glp-1 ncl-1 popl-1i
372 vs glp-1 ncl-1: whole translation machinery p <0.0001, cytosolic RPs <0.0001 and mitochondrial
373 RPs p=0.5814).
374
375
376
377
378 Loss of ncl-1 disrupts ribosome assembly and proteostasis, which are restored by
379 mitochondrial ribosome or RNAse P/MRP knockdown.
380
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381 To investigate whether the observed changes in ribosomal protein, rRNA levels, and ribosomal
382 stoichiometries functionally altered translation, we performed polysome profiling at day 1 (Fig. 6a).
383 glp-1 ncl-1mutants showed accumulation of 40S and 60S ribosomal subunits compared to glp-
384 1 controls, accompanied by a reduction in 80S monosomes and polysomes, indicating a defect in
385 ribosomal subunit joining (Fig. 6b-c). Remarkably, both mrps-16 and popl-1 RNAi normalized these
386 profiles, restoring the balance between free subunits and assembled ribosomes. These findings
387 indicate that the impact of ncl-1 loss impairs ribosomal subunit joining, a defect that is suppressed
388 by downregulation of either the mitochondrial ribosome or the RNAse P/MRP complex.

389 Despite these defects, overall protein synthesis rates, measured by SUnSET puromycin incorporation
390 was unchanged across conditions at day 1 and day 5 (Extended Data Fig. 7a-c). Consistently, the
391 polysome-to-monosome ratio was unchanged across experimental groups. As a positive control,
392 rsks-1mutants displayed the expected reduction in protein synthesis rate (Pan et al., 2007;
393 Derisbourg et al., 2021). Additionally, worm size itself was unchanged across conditions (Extended
394 Data Fig. 7d). Together, these data indicate that although ribosomal subunit assembly is
395 compromised in glp-1 ncl-1mutants, global translation rates are buffered. Such decoupling between
396 ribosome biogenesis and bulk translation has been previously reported, including in ribosomal
397 protein mutants with subunit-joining defects but preserved translational output (Kondrashov et al.,
398 2011; Tiruneh et al., 2013) and upon disruption of specific RiBi factors that destabilize ribosome
399 production without markedly reducing overall protein synthesis (Gómez-Herreros et al., 2017; X. Zhu
400 et al., 2019).

401 Given preserved global translation, we next tested whether translation is redistributed across
402 specific mRNA classes using ribosome profiling at day 1. Loss of ncl-1 induced widespread changes in
403 translation efficiency (TE), with 974 transcripts showing significant TE changes (Fig. 6d, and Extended
404 Data Fig. 7e-i; Supplementary Table 11). Ribosome biogenesis and rRNA processing transcripts
405 showed increased TE, whereas transcripts encoding RPs were translationally reduced (Extended
406 Data Fig. 7h; Supplementary Tables 12 and 13). This redistribution of translational output aligns with
407 the proteomic changes we observed in glp-1 ncl-1 double mutants (Fig. 4d). In parallel, TE decreased
408 for genes involved in somatic functions, including signaling and ion transport, indicating a shift of
409 translational resources away from tissue maintenance programs. Both mrps-16 and popl-1 RNAi
410 largely reversed this translational misallocation, restoring TE of RP transcripts (Fig. 6f) and increasing
411 TE of genes involved in proteasome-mediated protein catabolism, lipid metabolism, and growth
412 (Extended Data Fig. 7g, i). Thus, mechanistically altering translational efficiency and proteomic
413 remodel improve RP abundance and mRNA-protein coordination (Figs. 3e and 4d).

414 The increased TE for proteasome/ubiquitin-dependent catabolism suggests enhanced proteostasis
415 capacity. We therefore next examined protein aggregation. We isolated SDS-insoluble proteins and
416 quantified them in-gel (Fig. 6g). Loss of ncl-1 led to increased SDS-insoluble protein aggregates by
417 day 5 of adulthood, whereas bothmrps-16 and popl-1 RNAi reduced aggregate burden.

418 Together, these results indicate that l ncl-1 loss impairs ribosomal subunit joining and proteotasis by
419 misdirecting translation toward early ribosomal biogenesis at the expense of RP production and
420 cellular maintenance. Imbalanced stoichiometry exerts a constant proteostatic load that foments
421 protein aggregation. Suppression of either mitochondrial ribosome or the RNAse P/MRP complex
422 restores translational balance, ribosome assembly, and proteome integrity, providing a molecular
423 explanation for lifespan extension.
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424

425 Figure 6. Loss of ncl-1 disrupts ribosome assembly and proteostasis through translational
426 misallocation, which is restored by mitochondrial ribosome or RNAse P/MRP knockdown.

427 a. - b. Representative polysome profiles at day 1 for glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16 RNAi, and
428 glp-1 ncl-1 popl-1 RNAi. Grey dashed line indicates the 80S peak height in glp-1.
429 c. Quantification of polysome profile areas. Each dot represents a biological replicate (n=6-7, 2-way
430 ANOVA post hoc Tukey’s test; median ± 95% CI). 40S/80S: glp-1 vs glp-1 ncl-1 p=0.0021, glp-1 ncl-
431 1 vs glp-1 ncl-1 mrps-16i p=0.0097, glp-1 ncl-1 vs glp-1 ncl-1 popl-1i p=0.0683; 60S/80S: glp-1 vs
432 glp-1 ncl-1 p<0.0001, glp-1 ncl-1 vs glp-1 ncl-1 mrps-16i p<0.0001, glp-1 ncl-1 vs glp-1 ncl-1 popl-
433 1i p=0.0001.
434 d. Principal component analysis of RNA-seq and Ribo-seq data (day 1). Samples cluster primarily by
435 data type along PC1 and by genotype along PC2 (n=3 replicates).
436 e. Heatmap of the log2 fold-changes in translation efficiency across comparisons: glp-1 ncl-1 vs glp-
437 1, glp-1 ncl-1 mrps-16i vs glp-1 ncl-1, and glp-1 ncl-1 popl-1i vs glp-1 ncl-1, grouped by change
438 categories.
439 f. Average Z-scores of translation efficiencies for cytosolic RP transcripts (Ribo-seq). Z-scores were
440 calculated per transcript; red indicates above-average and blue below-average expression.
441 g. SDS-insoluble protein aggregates at day 5. glp-1 ncl-1 shows increased aggregation compared to
442 glp-1 (p=0.0078) reduced by popl-1 RNAi (p=0.0411). Each dot represents one biological replicate
443 (n = 4; one-way ANOVA post hoc Friedman’s test)
444
445 ns = not significant, *<0.05, **<0.01, ***<0.001, ****<0.0001



17

446

447

448
449

450

451

452

453

454

455

456

457

458

459

460

461

462 Discussion
463

464 Ribosomal biogenesis, ribosomal protein abundance and global protein synthesis decline with age
465 (Anisimova et al., 2020; Blazejowski & Webster, 1983; Brown et al., 2018; Dhondt et al., 2017; Di
466 Fraia et al., 2025; Dwyer et al., 1980; Fando et al., 1980; Layman et al., 1976; Llewellyn et al., 2023;
467 Lu et al., 2023; Motizuki & Tsurugi, 1992; Stein et al., 2022; Ubaida-Mohien et al., 2019; Walther et
468 al., 2015; Ward & Richardson, 1991; Webster & Webster, 1979; H. Zhu et al., 2023), yet
469 paradoxically, genetic or pharmacological downregulation of the translational machinery,
470 particularly early in life, extends lifespan across species (Chen et al., 2007; Chiocchetti et al., 2007;
471 Bitto et al., 2016; Curran & Ruvkun, 2007; Demontis & Perrimon, 2010; Hansen et al., 2007; Hu et al.,
472 2018; McCormick et al., 2015; Pan et al., 2007; Steffen et al., 2008). Our findings reconcile these
473 observations by showing that shortened lifespan is not caused by excessive ribosomal output, but
474 instead by dysregulated ribosome biogenesis and impaired ribosome assembly. Using ncl-1 loss-of-
475 function mutants as a model of accelerated aging, we demonstrate that disrupted ribosomal protein
476 coordination, defective subunit joining, and translational misallocation characterize the short-lived
477 phenotype. Our results, particularly in the longer-lived glp-1 background, indicate that restoring
478 ribosomal protein production and assembly can improve proteostasis and extend lifespan. This
479 suggests that maintaining ribosomal integrity and stoichiometric balance, rather than broadly
480 reducing overall protein synthesis, may be an important factor influencing longevity. Notably, we
481 find that NCL-1 levels decline with age in wild-type worms, suggesting that age-associated loss of
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482 NCL-1 function may contribute to the dysregulation of ribosome biogenesis observed during normal
483 aging, and that ncl-1mutants recapitulate key features of this process.

484 Our work reframes the relationship between nucleolar size, ribosome biogenesis, and longevity by
485 placing ncl-1mutants within a broader framework of RiBi dysfunction observed in both aging and
486 congenital disorders. While enlarged nucleoli and increased rRNA accumulation have often been
487 interpreted as markers of enhanced rRNA production, ribosomal output, and protein synthesis, ncl-1
488 mutants instead exhibit decoupling between nascent and mature rRNA, ribosomal protein
489 transcripts, and protein levels, loss of RP stoichiometry, and inefficient subunit joining. These defects
490 resemble age-associated changes reported across species (Anisimova et al., 2020; Di Fraia et al.,
491 2025; Khatir et al., 2023; Sacramento et al., 2020) and also the cellular consequences of some
492 ribosomopathies (e.g., Diamond–Blackfan anemia, Shwachman–Diamond syndrome, cartilage hair
493 hypoplasia (Kang et al., 2021). Similarly, a progeroid mouse model with increased nucleolar stress
494 showed an accumulation of free ribosomal proteins, impaired RiBi, and accelerated aging
495 phenotypes, further linking nucleolar dysfunction and organismal decline (Sirozh et al., 2024).
496 Notably, despite these profound defects in RiBi, we do not detect significant changes in bulk protein
497 synthesis. This suggests that global translation is buffered in ncl-1mutants and that the primary
498 defect is qualitative rather than quantitative.

499 Importantly, we find that the shortened lifespan of ncl-1mutants can be rescued downstream of the
500 nucleolus by rebalancing mature rRNA and ribosomal proteins and thus improving subunit assembly,
501 proteostasis, firmly linking restored coordination to improved survival. These data support the view
502 that qualitative failures in RiBi, specifically transcript–protein decoupling and stoichiometric
503 imbalance, are central drivers of aging, rather than uniform declines in overall protein synthesis.

504 Studies in the short-lived killifish N. furzeri have shown that during aging, ribosome stalling increases
505 and there is a progressive loss of coordination between transcript and protein abundance, especially
506 for RPs, resulting in stoichiometric imbalance and impaired ribosome assembly that contribute to a
507 widespread disruption of proteostasis (Di Fraia et al., 2025; Sacramento et al., 2020). We observe a
508 similar uncoupling between RP transcripts and protein abundance in wild-type worms during aging,
509 and already in young ncl-1mutants, consistent with their accelerated aging phenotype.

510 Aging is also associated with loss of stoichiometric balance within multiprotein complexes. In our
511 analysis, ribosomal stoichiometry was assessed by quantifying the coordination among ribosomal
512 proteins while controlling for abundance-driven effects using per-condition, abundance-matched
513 background correlations. While this approach shows loss of stoichiometric balance within ribosomes
514 in ncl-1mutants, it also suggests other complexes may be vulnerable to failure. At a broader systems
515 level, proteomic analysis in humans has similarly reported age-associated declines in the
516 coordinated regulation of protein complex stoichiometry across fundamental cellular processes
517 (Leote et al., 2024). In agreement with our ncl-1 data, proteomic profiling across lifespan in C.
518 elegans has revealed a decline and imbalance, particularly in RPs and ribosomes (Walther et al.,
519 2015). These changes are also accompanied by loss of proteostasis and increased aggregation,
520 particularly of ribosomal proteins (Reis-Rodrigues et al., 2012).

521 Our results position NCL-1 as a central regulator of translational homeostasis in C. elegans aging,
522 whose progressive decline may contribute to age-associated disruption of ribosome biogenesis. NCL-
523 1 is a cytosolic RNA-binding protein with an established role in controlling nucleolar size through
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524 regulation of rRNA synthesis via FIB-1 (Frank & Roth, 1998; Tiku et al., 2017; Yi et al., 2015). NCL-1
525 belongs to the TRIM-NHL family of proteins, being closely related to Brat and Mei-p26 in Drosophila
526 and TRIM2, 3, and 32 in mammals (Connacher & Goldstrohm, 2021). These proteins are known
527 translational repressors acting via 3′UTRs (Kondrashov et al., 2011; Loedige et al., 2013, 2014, 2015;
528 Salerno-Kochan et al., 2022). In worms, NCL-1 preferentially targets U-rich motifs in the 3’ UTR of
529 transcripts encoding mainly proteins belonging to ribosomal biogenesis and the translation
530 machinery (West et al., 2018). Accordingly, in our transcriptomic data, there is an enrichment for
531 genes containing the UUGUU motif in the ncl-1mutants. Importantly, our proteomic analyses
532 demonstrate that this motif-dependent regulation is propagated to the protein level, with UUGUU-
533 containing targets showing a strong, direction-specific enrichment among upregulated proteins in
534 ncl-1mutants, while being depleted among downregulated proteins. Notably, these targets include
535 components of both cytosolic and mitochondrial ribosome biogenesis and translation, linking NCL-1-
536 dependent post-transcriptional regulation to multiple ribosomal systems. Though communication
537 between mitochondrial and cytosolic ribosome biogenesis has been noted previously (Molenaars et
538 al., 2020; Suhm et al., 2018), our studies pinpoint NCL-1 as a central coordinator of these processes,
539 highlighting their deep functional interrelationship.

540 Among NCL-1-regulated proteins, the mitochondrial ribosome (mrps-16) and RNAse P/MRP complex
541 (popl-1) emerged because of their reproducible beneficial effects on the lifespan of ncl-1mutants
542 and wild-type worms. A key feature of mrps-16 and popl-1 knockdown is that they restore ribosomal
543 protein abundance without increasing global protein synthesis. Instead, they enhance the efficiency
544 with which ribosomal protein mRNAs are translated. This mechanism explains how RP upregulation
545 is achieved in the absence of increased ribosomal output, and places translational efficiency and
546 allocation at the center of ribosome restoration and lifespan extension. These suppressors likely
547 reflect processes downstream of the nucleolus that help coordinate the cellular translational
548 machinery to match the cell’s metabolic and proteostatic state. Mechanistically, partial perturbation
549 of mitochondrial translation and RNAse P/MRP may act through complementary routes converging
550 on the cytosolic ribosome. Perturbation of mitochondrial translation is known to trigger mitonuclear
551 protein imbalance and activate conserved longevity programs, such as the mitochondrial unfolded
552 protein response, reprogramming stress signaling, and proteostasis that restore balance
553 (Houtkooper et al., 2013; Liu et al., 2020; Soto et al., 2022). Mitochondrial stress signaling can also
554 influence cytosolic translation through coordinated translational balancing mechanisms dependent
555 on ATF-5/ATF-4 (Suhm et al., 2018; Molenaars et al., 2020). Perturbations in RNAse MRP and RNAse
556 P, which set early pre-rRNA and tRNA processing kinetics, are known to reshape ribosome
557 biogenesis, indicating that changes in processing rates can stabilize rRNA maturation and RP
558 assembly (Chamberlain et al., 1996; Lindahl et al., 2009). The net effect is a more balanced
559 coordination between rRNA maturation and RP supply, improved subunit export and joining, and
560 reduced aggregation, consistent with restored proteostasis and extended lifespan. Whether mrps-16
561 and popl-1 extend lifespan in wild-type animals through the same ribosome biogenesis restoring
562 mechanisms identified in ncl-1mutants remains to be determined. Notably, the beneficial effects in
563 wild-type animals arise when knockdown is initiated in adulthood, suggesting that attenuation of
564 these pathways becomes advantageous as age-associated decline emerges. This is consistent with
565 ncl-1mutants, which exhibit accelerated aging and therefore require intervention at earlier stages.

566 Collectively, our data indicate that longevity depends on coordinated ribosome homeostasis rather
567 than nucleolar size or ribosome abundance alone. This finding could explain why up- or
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568 downregulating RPs could have beneficial effects on life span dependent on context. Long-lived glp-1
569 mutants maintain reduced but well-matched levels of ribosomes, ribosomal protein mRNAs and
570 proteins, and mature rRNA, whereas ncl-1mutants display a dysregulated state with excess
571 immature rRNA, disproportionate RP transcript accumulation, insufficient RP protein production,
572 and defective assembly. Knockdown of the RNAse P/MRP complex or the mitochondrial ribosome
573 restores this balance by generally upregulating RPs and increasing coordination, supporting
574 proteostasis and lifespan extension without normalizing nucleolar size.

575 Together, prior work across species has established that nucleolar size inversely correlates with
576 lifespan, and that typical ribosome aging is marked by loss of coordination and stoichiometry. Here,
577 we demonstrate that these age-related defects can be reversed: in ncl1mutants, longevity can be
578 restored without correcting nucleolar size. This refines the simple inverse correlation between
579 nucleolar size and longevity (Buchwalter & Hetzer, 2017; Tiku et al., 2017), and suggests that
580 interventions targeting ribosomal biogenesis and its assembly, rather than nucleolar size alone, may
581 effectively mitigate age-related decline.

582

583

584

585

586

587 Methods
588

589 Key resources table

590 Bacterial and Virus Strains

Bacteria Source Identifier

E coli: strain OP50 CGC WormBase:
OP50

E coli: strain HT115 CGC WormBase:
OP50

591

592 Chemicals, Peptides, and Recombinant Proteins

Reagent Source Identifier

1, 4 dithiothreitol (DTT) Roth 6908.3

10X PBS buffer pH 7.4 Invitrogen AM9624

1M TEAB (Triethylammonium Bicarbonate) Thermo Scientific 90114
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1M Tris pH 8.0 Invitrogen AM9856

4x Laemmli Sample Buffer BioRad 1610747

Ambion Nuclease-Free water Invitrogen AM9937

Ampicillin Natriumsalz Roth K029.4

Bacto Agar BD BD214010

Bacto Peptone BD BD211820

Bacto Yeast Extract Gibco 212720

Bovine Serum Albumin (BSA) Fraktion V Roth 8076.3

Calcium chloride Sigma C8106

Chloroform VWR 83627.29

Cholesterol Sigma C8503

Citric Acid monohydrate Thermo Scientific 44370050

Copper (II) sulfate pentahydrate Sigma 209198

Criterion TGX Stain-free BioRad 5678084

Cycloheximide Sigma C7698

DDM n-Dodecyl β-D-Maltoside Merck D4641

EDTA Sigma ED-500G

EGTA Roth 3054.2

Ethanol Roth P076.2

Glycifine Fisher BP381-5

Igepal Sigma I8896

IPTG Roth 3054.2

Iron (II) sulfate heptahydrate Sigma F8633

Magnesium chloride (anhydrous) Sigma M8266

Magnesium sulfate Sigma M7506

Manganese (II) chloride tetrahydrate Sigma M5005

Nu-Sieve 3:1 Agarose Lonza 50094

PBS Tablets Gibco 1812-014
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Ponceau S solution Sigma P7170

Potassium citrate monohydrate VWR 26789.294

Precision Plus Protein Dual Color Standard BioRad 1610374

Qiazol Lysis Reagent Qiagen 79306

rLys-C Promega V1671

RNAin Plus Promega N261B

Roti Gel Stain Roth 38651

SDS Fisher BP1311-1

Skim milk powder SERVA 42590.01

Sodium chloride Sigma 71380

Sodium deoxycholate Sigma 30970

Sucrose SERVA 42590.01

Super RNAse I Invitrogen AM2696

Super Signal West Femto Maximum Sensitivity
Substrate

Protein Biology 34095

Trans-Blot Turbo 5x BioRad 10026938

Tris base Fisher BP152-10

Trypsin Promega V5280

Zinc sulfate heptahydrate Thermo Scientific 33399.22

593

594 Critical Commercial Assays

Kit Soure Identifier

Direct-zol™ RNA Kits Zymo Research R2050

PierceTM BCA Protein assay Kit Thermo Scientific 23225

Rneasy Mini Kit Qiagen 74106

Senescence β-gal staining kit Cell Signaling 9860

SuperScript III Invitrogen 18080044

SYBR Green Thermo Scientific 11760500
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Trans-Blot Turbo 5x BioRad 10026938

Trans-Blot Turbo Transfer Kit BioRad 1704271

595

596 Deposited Data

597 Experimental models: Organisms/Strains

Strain Source identifier

C. elegans: glp-1(e2141) ncl-1(e1942) III AA lab AA4335

C. elegans: fib-1(syb828)/+ V SunyBiotech PHX828

C. elegans: glp-1(e2141) III CGC CB4037

C. elegans: glp-1(e2141) III; fib-1(syb828) V AA lab

C. elegans: glp-1(e2141) ncl-1(e1942) III; fib-1(syb828) V AA lab

C. elegans: mrps-16(syb2433) II SunyBiotech PHX2433

C. elegans: mrps-16(syb2433) II; glp-1(e2141) III AA lab AA5788

C. elegans: mrps-16(syb2433) II; glp-1(e2141) ncl-1(e1942) III AA lab AA5789

C. elegans: ncl-1(e1942) III CGC CF2218

C. elegans: popl-1(syb2735) glp-1(e2141) III AA lab AA5778

C. elegans: popl-1(syb2735) glp-1(e2141) ncl-1(e1942) III AA lab AA5779

C. elegans: popl-1(syb2735)/hT2[bil-4(e937) let-(q782) qIs48] III SunyBiotech PHX2735

C. elegans: rsks-1(sv31) III CGC VB633

C. elegans: strain N2 wild isolate CGC N2

598

599 Oligonucleotides

Name Target Sequence

pre-rRNA #1 fw Pre-rRNA CTGTGTTTACACCCGAATGATTCTAG

pre-rRNA #1 rv Pre-rRNA CTAATCGTGAGATGGGACACTCATACA

pre-rRNA #2 fw Pre-rRNA CGCAGACATATAGTCTAGCGAG

pre-rRNA #2 rv Pre-rRNA GATCCATAGATATTGCTGATGATTC

pre-rRNA #3 fw Pre-rRNA AAAGTCGTAACAAGGTAG
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pre-rRNA #3 rv Pre-rRNA ATCTTAAGGTTTGTGGAT

pre-rRNA #5 fw Pre-rRNA AACGCATAGCACCAACTG

pre-rRNA #5 rv Pre-rRNA TCCGAAGAGAAGCCTAAG

pre-rRNA #6 fw Pre-rRNA AATACTGGGATTCGTCTA

pre-rRNA #6 rv Pre-rRNA GAGTTCAGGTTGAGATTAG

pre-rRNA #7 fw Pre-rRNA CCTTTTCCTACACTCATGTCTTTGCAG

pre-rRNA #7 rv Pre-rRNA GTTCTAAGTTTTTCTAAAGCAAGCACATTG

etf-3 fw eft-3 ACTTGATCTACAAGTGCGGAGGA

etf-3 rv eft-3 AAAGATCCCTTACCCATCTCCTG

snb-1 fw snb-1 GAATCATGAAGGTGAACGTGG

snb-1 rv snb-1 CCAATACTTGCGCTTCAGGG

Fib-1 fw fib-1 CAAACGTTGTCCCAATTGTCG

Fib-1 rv fib-1 GGAAGTTTTGGGCATTGAGAG

Popl-1 fw popl-1 AGCTTTCAACGTGGATTTCG

Popl-1 rv popl-1 AGAGTTGGTGACATTCCTCT

Mrps-16 fw mrps-16 TAGGTCGAAGATACGAGGGT

Mrps-16 rv mrps-16 GACAGGCCGAGAAGTTCAAG

600

601 Experimental model and study participant details

602 C. elegans strains
603 The following strains were used: N2 (wild type), glp-1(e2141) III, glp-1(e2141) ncl-1(e1942) III, ncl-
604 1(e1942) III, fib-1(syb828) V, glp-1(e2141) ncl-1(e1942) III; fib-1(syb828) V, glp-1(e2141) III ;fib-
605 1(syb828) V, mrps-16(syb2433) II;glp-1(e2141) III, mrps-16(syb2433) II; glp-1(e2141) ncl-1 (e1942) III,
606 popl-1(syb2735) glp-1(e2141) III, popl-1(syb2735) glp-1(e2141) ncl-1 (e1942) III, rsks-1(sv31) III.

607 Previously published mutant strains were obtained from the Caenorhabditis Genetics Center (CGC)
608 or the National BioResource Project (NBRP) and outcrossed to N2 at least twice before use.
609 Endogenously tagged strains were generated by CRISPR–Cas9 (Sunybiotech) and validated by Sanger
610 sequencing.

611 Nematode culture conditions and maintenance
612 C. elegans strains were maintained on nematode growth medium (NGM) agar plates seeded with
613 Escherichia coli OP50 at 20°C unless otherwise specified, following established methods (Brenner,
614 1974; Stiernagle, 2006). Strains carrying the temperature-sensitive glp-1(e2141) allele were
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615 maintained at 15°C. To induce sterility in glp-1(e2141), eggs were shifted to 25°C for 52 h until
616 adulthood before use in experiments or returned to 20°C for lifespan analyses. Worms were
617 transferred to fresh plates every few days to avoid starvation and contamination.

618 Synchronous populations were obtained either by timed egg-lay or by alkaline hypochlorite
619 treatment. For timed egg-lay, gravid adults were placed on a fresh NGM plate seeded with the
620 corresponding bacteria strain and allowed to lay eggs for 3–4 h at the experimental temperature;
621 adults were then removed. For bleaching, gravid adults were washed from plates with M9 buffer,
622 pelleted by low-speed centrifugation, and treated with freshly prepared alkaline hypochlorite
623 solution until adult carcasses were lysed while eggs remained intact. Eggs were recovered by
624 centrifugation, washed twice with M9 buffer, and plated onto NGM plates seeded with OP50.

625 Method details

626 Lifespan assay
627 Worms used for lifespan analysis were synchronized by egg laying. Assays were performed at 20 C or
628 25 C to induce the glp-1(e2141) genotype. At least 100 worms per strain were used, with 20-30
629 worms per 6 cm plate with the corresponding bacteria RNAi strain. Worms were transferred to fresh
630 plates every three days or every day. Scoring of deaths and censoring (e.g., because of internal
631 hatching, vulval protrusion, or burrowing in agar) was carried out every second or third day. Mean,
632 median, and maximum lifespan were calculated and plotted using Prism GraphPad.

633 RNA interference
634 RNAi by feeding was performed using standard protocols (Stiernagle, 2006). E. coli HT115(DE3)
635 bacteria carrying double-stranded RNA expression plasmids were obtained from the Vidal (Rual et
636 al., 2004) or Ahringer (Kamath & Ahringer, 2003) RNAi libraries. HT115(DE3) bacteria carrying a
637 luciferase RNAi construct (L4440) were used as a control. RNAi bacteria were grown overnight in
638 lysogeny broth containing 50 µg/mL ampicillin and seeded onto RNAi plates supplemented with 1
639 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 50 µg/mL ampicillin. RNAi was initiated by
640 transferring synchronized animals onto RNAi plates, typically from the egg stage unless otherwise
641 specified.

642 Mature rRNA measurements
643 Total RNA was extracted from synchronized adult worms using a QIAzol–RNeasy–based protocol. For
644 each condition, 100 worms were collected in M9 buffer, flash-frozen in liquid nitrogen, and stored at
645 −80°C until processing; 400 N2 worms were processed in parallel to generate a standard curve.
646 Samples were homogenized by repeated freeze–thaw cycles in QIAzol, followed by chloroform
647 phase separation and purification on RNeasy Mini spin columns (Qiagen) according to the
648 manufacturer’s instructions.

649 RNA concentration of N2 samples was determined by NanoDrop and used to generate a standard
650 curve. Equal volumes of RNA from experimental samples were resolved alongside defined amounts
651 of N2 RNA (0.125–1 µg) on 1% agarose gels stained with RotiRed. Mature rRNA bands were
652 visualized and quantified by densitometry, and rRNA abundance in experimental samples was
653 interpolated from the standard curve.
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654 Quantitative RT-PCR
655 Synchronized adult worms were collected into ice-cold M9 buffer, pelleted, flash-frozen in liquid
656 nitrogen, and lysed by repeated freeze–thaw cycles. Lysates were clarified by centrifugation, and
657 RNA was extracted using QIAzol followed by purification on RNeasy Mini spin columns (Qiagen)
658 according to the manufacturer’s instructions. RNA concentration and purity were assessed by
659 NanoDrop spectrophotometry.

660 cDNA was synthesized from total RNA using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative
661 PCR was performed using Power SYBR Green Master Mix (Applied Biosystems) on a ViiA 7 Real-Time
662 PCR System. Relative transcript levels were calculated using the ΔΔCt method, with snb-1 or etf-3
663 used as endogenous controls.

664 RNA-Sequencing
665 Total RNA was extracted from synchronized adult worms and purified as described above. Libraries
666 were prepared from 300 ng total RNA. Enzymatic depletion of ribosomal RNA with the Illumina Ribo-
667 Zero Plus rRNA Depletion Kit was followed by library preparation with the Illumina® Stranded Total
668 RNA sample preparation kit. The depleted RNA was fragmented and reverse transcribed with
669 random hexamer primers, second-strand synthesis with dNTPs was followed by A-tailing, adapter
670 ligation,n and library amplification (12 cycles). Next, the library validation and quantification (Agilent
671 Tape Station) were performed, followed by pooling of equimolar amounts of the library. The pool
672 itself was then quantified using the Peqlab KAPA Library Quantification Kit and the Applied
673 Biosystems 7900HT Sequence Detection System and sequenced on an Illumina NovaSeq6000
674 sequencing instrument with a PE100 protocol aiming for 25 million clusters per sample.

675 Reads were mapped to the Caenorhabditis elegans reference genome (Ensembl 110) using Kallisto
676 (v0.46.1). After normalization of read counts by making use of the standard median-ratio for
677 estimation of size factors, pair-wise differential gene expression analysis was performed using
678 DESeq2 (v1.24.0). After removal of genes with fewer than 10 overall reads, log2 fold changes were
679 shrunken using approximate posterior estimation for GLM coefficients.

680 Principal component analysis and enrichment visualization were generated using Flaski (v2.3.0), an
681 interactive web application suite for biological data analysis provided by the Bioinformatics Core
682 Facility at the Max Planck Institute for Biology of Aging (Iqbal et al., 2021). P values from Fisher’s
683 exact tests were adjusted for multiple hypothesis testing; adjusted P < 0.05 was considered
684 significant.

685 NCL-binding motif analysis
686 Enrichment of the NCL-1 RNA-binding motif (UUGUU) among genes regulated in glp-1 ncl-1mutants
687 was assessed using custom Python scripts. Transcript sequences were extracted from annotated
688 transcript models using bedtools, and UUGUU motif occurrences were identified using regular
689 expression–based searches. Motif counts were summarized per gene and merged with RNA-seq
690 differential expression results comparing glp-1(e2141) and glp-1(e2141) ncl-1(e1942) animals.
691 Enrichment was evaluated by comparing motif abundance in significantly versus non-significantly
692 regulated genes using Fisher’s exact test.
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693 Bioinformatic precursor rRNA analysis
694 To quantify precursor and mature ribosomal RNA (rRNA) from the RNA-seq data, we constructed an
695 augmented reference that includes the full ribosomal DNA (rDNA) repeat unit. We obtained the
696 complete C. elegans 45S rDNA sequence (including the 18S, 5.8S, and 26S rRNA coding regions along
697 with spacer sequences) and associated annotations from NCBI (accession MN519140.1). Because
698 rDNA repeats are not fully represented in standard genome assemblies, we masked the endogenous
699 tandem rDNA cluster (Ensembl 110 coordinates: chr I: 15,057,500–15,072,434) in the reference
700 before augmentation. The rDNA sequence and its annotation were concatenated with the masked
701 WBcel235 reference FASTA and GTF to produce a combined reference suitable for read mapping.

702 Trimmed RNA-seq reads were aligned to the augmented reference using STAR with settings
703 optimized for multimapping across repetitive sequences. Counts were assigned to rDNA features
704 (18S, 5.8S, 26S, and spacer regions) using the feature. Because the augmented reference includes
705 the complete rDNA unit, read counts mapping to these coordinates capture both precursor and
706 mature rRNA transcripts derived from the rDNA loci (Ellis et al., 1986).

707 Count matrices for rRNA features were then integrated with the gene expression dataset and
708 analyzed using DESeq2 for normalization and differential expression between day 1 and day 5
709 samples. Normalized rRNA read counts were used to assess relative changes in rRNA abundance,
710 with statistical significance determined using DESeq2’s standard multiple testing correction
711 (adjusted P < 0.05).

712 Bulk proteomic sample preparation and analysis
713 Age-synchronized day 1 adult worms were collected from NGM plates (six plates per condition),
714 washed extensively to remove bacteria, and lysed in LC–MS/MS–compatible buffer by heat
715 denaturation and Bioruptor sonication. Lysates were clarified by centrifugation, and protein
716 concentration was determined. For each sample, 300 µg total protein was digested with trypsin
717 (1:200, enzyme: protein). Peptides were desalted on C18 StageTips and dried before LC–MS/MS
718 analysis.

719 Peptides were separated on a 25 cm, 75 μm internal diameter PicoFrit analytical column (New
720 Objective) packed with 1.9 μm ReproSil-Pur 120 C18-AQ media (Dr. Maisch) using an EASY-nLC 1200
721 (Thermo Fisher Scientific). The column was maintained at 50°C. Buffer A and Buffer B were 0.1%
722 formic acid in water and 0.1% formic acid in 80% acetonitrile. Peptides were separated on a
723 segmented gradient from 6% to 31% buffer B for 120 min and from 31% to 50% buffer B for 10 min
724 at 200 nl / min. Eluting peptides were analyzed on a QExactive HF mass spectrometer (Thermo
725 Fisher Scientific). Peptide precursor m/z measurements were carried out at 60000 resolution in the
726 300 to 1800 m/z range. The top ten most intense precursors with charge states from 2 to 7 were
727 selected for HCD fragmentation using 25% normalized collision energy. The m/z values of the
728 peptide fragments were measured at a resolution of 30000 using a minimum AGC target of 8e3 and
729 55 ms maximum injection time. Upon fragmentation, precursors were put on a dynamic exclusion
730 list for 45 sec.

731 Bulk proteomics raw data were analyzed using MaxQuant version 1.6.1.0 (Cox & Mann, 2008) and
732 the integrated Andromeda search engine (Cox et al., 2011). Peptide fragmentation spectra were
733 searched against the reviewed and unreviewed sequences of the Caenorhabditis elegans reference
734 proteome (Proteome ID UP000001940, downloaded December 2018 from UniProt). Variable
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735 modifications included methionine oxidation and protein N-terminal acetylation; cysteine
736 carbamidomethylation was set as a fixed modification. Enzymatic digestion was specified as
737 “Trypsin/P” with “specific” cleavage. The minimum number of peptides and razor peptides required
738 for protein identification was 1, and the minimum number of unique peptides was 0. Protein and
739 peptide spectrum match (PSM) false discovery rates (FDRs) were set to 1% (0.01). The “second
740 peptide” option was enabled. PSM identifications were transferred across raw files using the “Match
741 between runs” feature. Label-free quantification (LFQ) was performed with a minimum ratio count
742 of 2. LFQ intensities were filtered to retain proteins with at least three valid values in at least one
743 experimental group and imputed from a normal distribution with a width of 0.3 and a downshift of
744 1.8.

745 Single worm proteomic sample preparation and analysis
746 The single worm proteomic analysis pipeline was developed and optimized by the MPI-AGE
747 Proteomics Core facility (X. Li, I. Atanassov and T. Colby ) based on previous report (PMID:
748 38044578). Single adult worms were cleared of bacteria by transferring twice to empty plates and
749 allowing them to crawl for 5 min, then placed into pre-chilled 0.2 mL PCR strip tubes containing 4 µL
750 lysis buffer (0.25% DDM, 125 mM TEAB) and snap-frozen in liquid nitrogen within 3 min. Samples
751 were stored at −80°C until processing. For lysis, worms underwent four freeze–thaw cycles (liquid
752 nitrogen; water at room temperature) followed by sonication in a Bioruptor at 4°C. Digestion was
753 initiated by adding 6 µL chilled PBS pH 7.4 containing a trypsin/Lys-C mix, and samples were
754 incubated at 37°C for 2 hours in a thermocycler. Digests were loaded onto EvoTips for LC–MS/MS.

755 The Evosep One liquid chromatography system (Bache et al., 2018) was used for sample analysis
756 using the predefined 30 samples per day (30SPD) method. The analytical column was a ReproSil-Pur
757 C18 column (15 cm × 150 µm, 1.9 µm beads; EV1106 Endurance Column, Evosep), operated at 50 °C.
758 Mobile phase A consisted of 0.1% formic acid in water, and mobile phase B was 0.1% formic acid in
759 100% acetonitrile (ACN).

760 Peptides were analyzed on a trapped ion mobility spectrometry (TIMS) quadrupole time-of-flight
761 (TOF) mass spectrometer (timsTOF Pro2, Bruker) in data-independent acquisition mode with parallel
762 accumulation, serial fragmentation (diaPASEF). The mass spectrometry scan range was set to m/z
763 425–1000. Ion accumulation and ramp times in the TIMS module were set to 100 ms. The ion
764 mobility range was defined as 1/K₀ = 0.8–1.25 V·s/cm². The isolation window in the m/z versus ion
765 mobility space was 26 Th. Collision energy was linearly ramped from 20 to 59 eV as a function of ion
766 mobility, ranging from 0.6 to 1.4 V·s/cm².

767 Raw data were analyzed using Spectronaut (Biognosys AG) against a one-protein-per-gene C.
768 elegans reference proteome (UP000001940, August 2022). Methionine oxidation and protein N-
769 terminal acetylation were set as variable modifications, cysteine carbamidomethylation as a fixed
770 modification, and digestion was specified as Trypsin/P with up to two missed cleavages. Protein
771 groups were retained if quantified in all but one sample per comparison group. Missing values were
772 imputed from a down-shifted normal distribution (width 0.3, shift 1.8). Differential protein
773 expression was assessed using limma in R, incorporating sample weights to account for differences
774 in sample quality (Ritchie et al., 2006, 2015).
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775 Protein stoichiometry analysis
776 Protein intensities were log2-transformed. Samples were trimmed-mean normalized by subtracting,
777 for each sample, the mean log2 abundance of “always expressed” proteins (proteins quantified in all
778 samples) after excluding proteins in the bottom and top 5% of protein-wise mean abundance.
779 Ribosomal protein stoichiometry control was assessed within each genotype × age condition by
780 computing pairwise Pearson correlations (r) across samples between all ribosomal proteins,
781 separately for two independent batches (~15 samples each), and averaging correlation coefficients
782 across batches. To control for abundance-dependent correlation structure (what is expected for
783 proteins with similar abundance), an abundance-matched background set of non-ribosomal proteins
784 was generated per condition by matching the ribosomal proteins’ abundance distribution using
785 quantile binning and random sampling without replacement; background correlations were
786 computed analogously. Correlations were visualized as heatmaps using hierarchical clustering of
787 rows and columns (heatmap, default settings), and correlation coefficients were summarized by
788 density plots; dashed lines indicate mean r. Differences in correlation distributions relative to the
789 glp-1 reference within each age group were tested using two-sided Welch’s t-tests on the sets of
790 pairwise correlation coefficients.

791 mRNA-Protein Aging Trajectory Analysis
792 To identify age-related molecular signatures, we performed Weighted Gene Co-expression Network
793 Analysis (WGCNA (Langfelder & Horvath, 2008)) independently on single-worm transcriptome and
794 proteome datasets. Transcriptomic data were retrieved from the NCBI Sequence Read Archive
795 (BioProject: PRJNA1015633 (Eder et al., 2024b)) while proteomic profiles were generated as
796 described in the preceding sections.

797 Co-expression networks were constructed using the pyWGCNA package (version 2.2.1), a Python-
798 based implementation of the original WGCNA algorithm (Rezaie et al., 2023). The RNA-sequencing
799 data were preprocessed by selecting 5,000 highly variable genes from the N2 worm aging dataset
800 before module identification. Consensus networks were generated for each dataset across all
801 sampled time points to ensure robust module identification. Modules were characterized based on
802 their correlation with chronological age (days post-maturation). We categorized aging-associated
803 modules using the following criteria based on the correlation coefficient (r) and statistical
804 significance (P < 0.001): Up-regulated: r > 0.6, Down-regulated: r < -0.6, Weakly Up-regulated: 0.2 < r
805 < 0.6, Weakly Down-regulated: -0.6 < r < -0.2, No Change (nc): All remaining modules that did not
806 meet the significance or correlation thresholds.

807 To compare expression dynamics across omics layers, individual gene and protein expression levels
808 were normalized using Z-score transformation across the time axis. This allowed for the direct
809 comparison of relative abundance changes during the aging process. The overlap of gene
810 membership between transcriptomic and proteomic modules was visualized using Sankey diagrams,
811 facilitating the identification of coordinated or anti-correlated molecular signatures between the
812 two layers

813 Senescence-associated b galactosidase staining (SA-b-gal)
814 SA-β-galactosidase activity was assessed in synchronized adult worms as a marker of age-associated
815 lysosomal β-galactosidase activity. Equal numbers of synchronized worms per condition (~100) were
816 collected and mechanically permeabilized by freeze–thaw before fixation to facilitate substrate
817 access (Duerr, 2013). Worms were then subjected to chromogenic β-galactosidase staining with X-
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818 Gal under standard conditions, following methods described in (Nonninger et al., 2025; Venz et al.,
819 2024), which document in vivo β-galactosidase activity in C. elegans.

820 After staining, samples were imaged on a Zeiss Axio Imager Z2 microscope using consistent
821 acquisition settings. All biological replicates for a given experiment were imaged on the same day to
822 minimize technical variability. The stained signal was quantified from bright-field images using Fiji.

823 Fluorescence microscopy and image analysis
824 Bright-field, differential interference contrast (DIC), and fluorescence images were acquired using
825 either a Zeiss Axio Imager Z1 microscope or a Leica M205 FA stereomicroscope, depending on the
826 experimental application. High-resolution DIC and fluorescence imaging were performed on a Zeiss
827 Axio Imager Z1 equipped with a Colibri 7 LED light source, Axio Cam Mono 506 and AxioCam ICc5
828 cameras, and standard filter sets for GFP (Set 38 HE) and TR (Set 45). Image acquisition was
829 controlled using Zeiss ZEN software (v2.3.69.1017). Lower-magnification fluorescence imaging was
830 performed using a Leica M205 FA stereomicroscope equipped with a DFC3000G monochrome
831 camera and an EL6000 external light source, operated with Leica Application Suite X software
832 (v3.7.5.24914).

833 Nucleolar size measurements were performed on fib-1::neongreen fluorescence images acquired on
834 the Zeiss Axio Imager Z1 using a 100× objective. Synchronized worms were immobilized with 0.01%
835 sodium azide and imaged after cessation of movement. Nucleolar area was manually quantified in
836 the head region using the freehand selection tool in Fiji. For mrps-16::mKate experiments,
837 fluorescence images were acquired using the Leica stereomicroscope and analyzed in Fiji.

838 Confocal imaging was performed on a Leica TCS SP8 confocal microscope equipped with a white
839 light laser and a ×63/1.4 NA oil immersion objective, with HyD detectors for fluorescence and a PMT
840 detector for bright-field imaging. Image acquisition was performed using LAS X Life Science software.
841 FormKate::popl-1 experiments, nuclear fluorescence intensity was quantified from confocal images
842 using Fiji based on manually segmented nuclear regions in the head region.

843 SUnSET assay and Immunoblotting
844 Global protein synthesis was assessed by puromycin incorporation (SUnSET assay). Synchronized
845 worms were collected, washed extensively in S basal buffer (Stiernagle, 2006), and incubated in
846 liquid culture containing heat-killed bacteria corresponding to each RNAi condition. Approximately
847 2,000 worms per condition were incubated in S medium at 20°C with shaking (150 rpm), and
848 puromycin was added to a final concentration of 1 mM for 4 h. Worms were then washed to remove
849 excess puromycin, pelleted, flash-frozen, and stored at −80°C.

850 Frozen pellets were lysed in CelLytic lysis buffer supplemented with protease inhibitors by repeated
851 freeze–thaw cycles and sonication. Lysates were clarified by centrifugation, and protein
852 concentration was determined by BCA assay. Equal amounts of protein were resolved by SDS–PAGE
853 on stain-free Criterion TGX gels and transferred to nitrocellulose membranes. Membranes were
854 probed with an anti-puromycin monoclonal antibody (clone 3RH11) followed by HRP-conjugated
855 secondary antibody, and signals were detected by chemiluminescence using a ChemiDoc MP
856 imaging system.
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857 Polysome Profiling
858 Polysome profiling was performed essentially as described previously (Derisbourg et al., 2021), with
859 minor adaptations. All steps were carried out at 4°C or on ice in the presence of cycloheximide to
860 preserve ribosome–mRNA complexes.

861 Synchronized adult worms (5,000–10,000 per condition) were harvested from plates, washed
862 extensively in M9 buffer, and pelleted. Pellets were either processed immediately or flash-frozen in
863 liquid nitrogen and stored at −80°C. Worms were lysed in polysome lysis buffer containing Igepal,
864 sodium deoxycholate, DTT, RNAse inhibitor, protease inhibitors, and cycloheximide using a Dounce
865 homogenizer. Lysates were clarified by centrifugation, and protein concentration was determined by
866 BCA assay. Equal amounts of lysate (typically 500–1,000 µg total protein) were loaded onto linear
867 10-60% (w/v) sucrose gradients. Samples were resolved by ultracentrifugation in an SW40Ti rotor at
868 39,000 rpm for 3 hours at 4°C. Gradients were analyzed by continuous UV absorbance monitoring at
869 254 nm using a Biocomp gradient fractionation system.

870 For quantification, absorbance traces were plotted using GraphPad Prism. The area under the curve
871 corresponding to monosome and polysome fractions was quantified using Fiji to assess relative
872 ribosome distribution across conditions

873 Ribosome Sequencing: sample preparation, library preparation, and sequencing
874 Ribosome profiling was performed with minor adaptations from established C. elegans protocols.
875 Briefly, ~10,000 synchronized adult worms were collected, washed in M9 buffer, flash-frozen, and
876 thawed in the presence of cycloheximide (1 mM). Worms were lysed mechanically in polysome lysis
877 buffer (Tris-HCl 20 mM, KCl 140 mM, MgCl₂ 1.5 mM, NP-40 0.5 %, sodium deoxycholate 1%, DTT 1
878 mM, PMSF 1 mM, and cycloheximide 1 mM). Clarified lysates were treated with RNAse I for 1 h at
879 room temperature to generate ribosome-protected fragments.

880 Digested lysates were resolved on linear 15–50% sucrose gradients by ultracentrifugation (SW40Ti
881 rotor, 39,000 rpm, 2 h, 4°C) and flash-frozen. RNA was extracted by proteinase K digestion followed
882 by acid phenol–chloroform extraction and ethanol precipitation. Purified RNA was further cleaned
883 using the Zymo RNA Clean & Concentrator-5 kit and submitted as dry pellets for library preparation.
884 Total RNA samples used for normalization were processed in parallel using the RNA-seq protocol
885 described above.

886 RNA samples were treated with T4 Polynucleotide kinase for 90 min at 37°C. Afterwards, samples
887 were run on denaturing polyacrylamide gels (15% polyacrylamide TBE-urea gels, Thermo Fisher) and
888 bands corresponding to 25 to 35nt were excised. RNA was extracted from the gel, purified, and
889 precipitated. The RNA pellet was resuspended in nuclease-free water, and RNA concentrations were
890 measured with Qubit (Qubit RNA HS, Thermo Fisher). Libraries were prepared with the Lexogen
891 small RNA Library Prep kit (16 PCR cycles). Next, library validation and quantification (Agilent Tape
892 Station) was performed, followed by pooling of equimolar amounts of library. The pools were then
893 quantified using the Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT
894 Sequence Detection System and sequenced on an Illumina NovaSeq6000 sequencing instrument
895 with an SR100 protocol aiming for 100 million clusters per sample.

896 Riboseq reads were trimmed with Flexbar (v3.5) and mapped to the Caenorhabditis elegans
897 reference genome (Ensembl 110) using bowtie (v1.2.3). After removal of reads mapping to rRNA or
898 tRNA, reads were mapped to the same reference genome and transcriptome using START (v2.7.3a).



32

899 P-site offset, 3-nt periodicity, codon usage, and meta-profiles were calculated with riboWaltz (v2.0).
900 Pausing sites were identified with Paus,ePred, and a 5' tag profile was generated for genes with a
901 pausing site using Rfeet. Actively translated ORFs were found using Pythonthon library RiboCode
902 (v1.2.15). Differentially translated genes were identified using DESeq2 (v1.24.0). Translation
903 efficiency was calculated using riborex (v2.4.0).

904 SDS-Insoluble aggregation analysis
905 All glp-1mutant strains were maintained at 15°C for at least two generations after thawing. For
906 synchronization, ~200 gravid adults were placed on NGM plates seeded with concentrated OP50
907 (20×) and incubated at 15°C for 72 h. Gravid adults were collected in S-basal, washed three times to
908 remove bacteria, and embryos were isolated by alkaline hypochlorite treatment. Eggs were washed
909 ≥5 times in M9 to remove bleach and hatched for 24 h at 25°C in M9 with rotation to obtain
910 synchronized L1 larvae. L1s were plated on NGM seeded with concentrated HT115 (5×) expressing
911 either scrambled control RNAi or RNAi targeting the gene of interest and maintained at 25°C.
912 Animals were transferred to 20°C at day 1 and to fresh RNAi plates at day 2 of adulthood and
913 harvested at day 5 by washing plates with S-basal, followed by ≥3 washes by gravity settling and
914 aspiration. Pellets were flash-frozen in a dry ice/ethanol bath.

915 Frozen worm pellets were thawed in detergent-free lysis buffer (20 mM Tris base, pH 7.4, 100 mM
916 NaCl, 1 mM MgCl2)containing protease inhibitors and lysed by water-bath sonication at 4°C. Lysis
917 efficiency was verified by light microscopy. Lysates were clarified by centrifugation, and protein
918 concentration was determined by BCA. Insoluble proteins were enriched by pelleting the lysate
919 corresponding to 1 mg total protein (20,000 g, 15 minutes at 4°C). The pellet was extracted three
920 times in 1% SDS lysis buffer (20,000 g, 15 minutes; room temperature). The resulting SDS-insoluble
921 pellet was re-solubilized in 70% formic acid with sonication, dried in a vacuum concentrator to
922 remove formic acid. The dried pellet was resuspended in 1× LDS sample buffer and heated at 95°C
923 for 10 minutes. Samples were resolved by SDS–PAGE (4–12% NuPAGE Bis-Tris), stained with SYPRO
924 Ruby (Invitrogen), imaged on a ChemiDoc system (Bio-Rad), and quantified in ImageJ (NIH).
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Extended Data

Figure 1. Transcriptomic, proteomic, and motif-enrichment analyses associated with ncl-1 loss.
a. Lifespan analysis of N2 and ncl-1 (e1942) worms reared at 20°C since egg lay. (n>100, log-

rank Mantel-Cox test) Data on Table 1.
b. Age-dependent mobility assay of glp-1 and glp-1 ncl-1 worms. Mobility was quantified as the

percentage of worms leaving a ⌀ 1 cm circle after 2 minutes. Mean of 5 technical replicates
with 20 worms/replicate. (2-way ANOVA post hoc Tukey’s multiple comparisons test, mean
± SEM).

c. Percentage of mobile glp-1 (e2141) and glp-1 (e2141) ncl-1 (e1942) worms leaving a ⌀ 1 cm
circle after 2 minutes. Mean of 5 technical replicates with 20 worms/replicate. glp-1 ncl-1 vs
glp-1 at day 8 are significantly less mobile (p=0.0253). (2-way ANOVA post hoc Tukey’s
multiple comparisons test, mean ± SEM).
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d. Volcano plot showing differential gene regulation in glp-1 ncl-1mutants compared to glp-1
at day 1. Log2 fold change values are plotted against the adjusted-log10 p-values. Each dot
represents a gene, while upregulated candidates with a p. adj <0.05 are labeled red and
downregulated are labeled blue. The total number of significantly up- or downregulated
candidates is depicted in the bottom corners of each graph.

e. Volcano plots showing differential protein regulation in glp-1 ncl-1mutants compared to
glp-1 at day 1. Log2 fold change values are plotted against the adjusted-log10 p-values. Each
dot represents a protein, while upregulated candidates with a p. adj <0.05 are labeled red
and downregulated are labeled blue. The total number of significantly up- or downregulated
candidates is depicted in the bottom corners of each graph.

f. Correlation plot of mRNA and protein abundance of log2-transformed raw counts of mRNA
and proteins plotted against each other in glp-1 worms at day 1.

g. Correlation plot of mRNA and protein abundance of log2-transformed normalized counts of
mRNA and proteins plotted against each other in glp-1 ncl-1 worms at day 1

h. Log2 fold changes relative to day 1 measured by single-worm proteomics in N2 across aging.
All changes in ncl-1 are statistically significant (adjusted p<0.05). ced-2 is shown as an
example of a gene with stable expression, whereas C46C2.5 represents a gene that increases
with age (both adjusted p<0.05).

i. Genes ranked by their correlation with the glp-1 ncl-1 expression profile compared to glp-1
(left) and another longevity mutant, eat-2(ad465), compared to N2 (right). The enrichment
score (ES) (green) shows that UUGUU-rich transcripts (black ticks) containing more than 5
motifs are concentrated toward the positively correlated end of the ranked list in gpl-1 ncl-1,
indicating enrichment among transcripts upregulated in the ncl-1 loss-of-function mutant
compared to the glp-1 controls. The lower panel shows the ranking metric across the
ordered gene list, with the “zero cross” marking the point where the cumulative enrichment
score transitions. eat-2mutants do not show an enrichment of UUGUU motifs in the top-
ranked terms compared to N2.

j. Kegg pathway enrichment analysis of all genes in the C. elegans genome containing more
than two UUGUU motifs downstream of the stop codon.

k. Proteins ranked by log₂ fold change in glp-1 ncl-1 versus glp-1 proteomic profiles. The
enrichment score (ES, green) shows that proteins containing more than three post-stop
UUGUU motifs (black ticks) are significantly enriched toward the upregulated end of the
ranked proteome in glp-1 ncl-1mutants. The lower panel shows the ranked log₂ fold change
metric across the ordered protein list, with the zero-cross indicating the transition point
between up- and downregulated proteins. Enrichment significance was assessed by
permutation testing (NES and p-value shown).

l. GO Biological Process enrichment analysis of significantly upregulated proteins in glp-1 ncl-1
versus glp-1 that contain more than three post-stop UUGUU motifs. Enriched terms highlight
ribosome biogenesis, rRNA processing, and translation-related processes (DAVID analysis; p
< 0.05).
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Figure 2. RNAi targeting mitochondrial ribosome and RNAse P/MRP components restores longevity
to glp-1 ncl-1 double mutants.

a. Lifespan analysis of glp-1 and glp-1 ncl-1 worms on luci control, or RNAse P/MRP
components, popl-4i and rpp-30I, which show lifespan extension. All curves are statistically
significant (p <0.0001, n>100, log-rank Mantel-Cox test). Data from all replicates are shown
in Table 1.

b. Lifespan analysis of glp-1 and glp-1 ncl-1 worms on luci control, or on RNAi of mitochondrial
ribosome subunits,mrps-5ci, andmrpl-45i, showing lifespan extension. All curves are
statistically significant (p <0.0001), except glp-1 ncl-1 mrps-5i compared to glp-1 ncl-1 (p
=0.0005, n>100, log-rank Mantel-Cox test). Data from all replicates are shown in Table 1.

c. Lifespan analysis of glp-1 on luci control and glp-1 ncl-1 worms on luci,mrps-16i/luci double
RNAi, popl-1i/luci double RNAi, andmrps-16i/ popl-1i double RNAi, showing extension of
lifespan. All curves are statistically significant (p <0.0001), except glp-1 ncl-1 mrps-16i/popl-
1i compared to glp-1 ncl-1 mrps-16i/luci and glp-1 ncl-1 mrps-16i/popl-1i compared to glp-1
ncl-1 popl-1i/luci, which are not significant (n>100, log-rank Mantel-Cox test), showing no
additive effect of popl-1i /mrps-16i double RNAi. Data from all replicates are shown in Table
1.



37

d. qRT-PCR analysis of popl-1mRNA in glp-1 and glp-1 ncl-1mutants on luciferase,mrps-16i or
popl-1i at day 1 of adulthood. The level of popl-1mRNA is significantly increased in glp-1 ncl-
1 on luciferase compared to glp-1, and down in glp-1 ncl-1 on popl-1i compared to glp-1 ncl-
1 on luci (p <0.001). (n=3, One-way ANOVA post hoc Dunnett’s multiple comparison test,
mean ± SEM).

e. qRT-PCR againstmrps-16mRNA in glp-1 and glp-1 ncl-1mutants on luciferase,mrps-16i or
popl-1i worms at day 1 of adulthood. The level of popl-1mRNA is significantly increased in
glp-1 ncl-1 on luciferase compared to glp-1, and down in glp-1 ncl-1 onmrps-16i compared
to glp-1 ncl-1 on luciferase (p <0.05, n=3, One-way ANOVA post hoc Dunnett’s multiple
comparison test, mean ± SEM).

f. Mean fluorescence intensity ofmrps-16 endogenously tagged with mKate by CRISPR-Cas9 at
the L4 larval stage in glp-1 and glp-1 ncl-1 worms. The level ofmrps-16::mKate is significantly
increased in glp-1 ncl-1 on luciferase compared to glp-1 (p <0.0001). Each dot represents a
worm. (n=3, One-way ANOVA post hoc Dunnett’s multiple comparison test, mean ± SD)

g. Mean fluorescence intensity of popl-1 endogenously tagged with mKate by CRISPR-Cas9 at
day 1 of adulthood in nuclei from glp-1 and glp-1 ncl-1 worms on luciferase. The level of
mKate::popl-1 is significantly increased in glp-1 ncl-1 on luciferase compared to glp-1, and
significantly down in glp-1 ncl-1 on popl-1i compared to glp-1 ncl-1 on luciferase (p <0.0001).
Each dot represents a nucleus. (n=3, One-way ANOVA post hoc Dunnett’s multiple
comparison test, mean ± SD)
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Figure 3. ncl-1 loss drives accumulation of precursor rRNA and nucleolar enlargement through
increased rRNA precursor transcription

a. Schemapc representapon of rRNA processing steps and intermediates, indicapng the
posipons of qRT–PCR probes (green) targepng precursor rRNA regions. Probes do not detect
mature rRNA. Adapted from Saijou et al. (2004).

b. qRT-PCR against the probes depicted in A. showing increased precursors in glp-1 ncl-1 on
luciferase control,mrps-16i, and popl-1i compared to glp-1 on luciferase at day 1 of
adulthood. Measurements normalized to snb-1mRNA. (n=3, One-Way ANOVA post hoc
Dunnett’s multiple comparison test, mean ± SEM).

c. qRT-PCR against the probes depicted in A, showing increased precursors in glp-1 ncl-1 on
luciferase control,mrps-16i, and popl-1i compared to glp-1 on luciferase at day 6 of
adulthood. Measurements normalized to snb-1mRNA. (n=3, One-Way ANOVA post hoc
Dunnett’s multiple comparison test, mean ± SEM).

d. Quantification of nucleolar area (m2) measured in hypodermal cells of ncl-1 (e1942) worms
fed luciferase control (red) or rpoa-2i (purple) at day 1 of adulthood. RPOA-2i significantly
reduces nucleolar size (p=0.0335). Each dot represents a nucleolus. (n=40-50 nucleoli from
12-15 worms, Unpaired t-test, mean ± SD
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Figure 4. ncl-1 life-extending suppressors maintain rRNA abundance and ribosomal protein levels
over age.

a. Mature 18S rRNA levels were measured at day 1 of adulthood. glp-1 ncl-1 compared to glp-1
have increased 18S rRNA (p =0.011). Treatment with mrps-16i or popl-1i does not
significantly alter 18S rRNA levels relative to glp-1 ncl-1. Each dot represents a biological
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replicate of 100 worms. (n=6, Friedman ANOVA post hoc Dunn’s multiple comparisons test,
mean ± SEM).

b. Mature 26S rRNA levels were measured at day 1 of adulthood. glp-1 ncl-1 compared to glp-1
have increased 26S rRNA (p =0.0024), with no significant change upon mrps-16i or popl-1i
treatments relative to glp-1 ncl-1. Each dot represents a biological replicate of 100 worms.
(n=6, Friedman ANOVA post hoc Dunn’s multiple comparisons test, mean ± SEM).

c. PCA of single-worm LC-MS/MS proteomic data from glp-1 (grey), glp-1 ncl-1 (red), glp-1 ncl-
1 onmrps-16i (blue), and glp-1 ncl-1 on popl-1i (orange) at day 1 of adulthood. Each point
corresponds to one worm (n=16). The clustering indicates that glp-1 and glp-1 ncl-1 separate
primarily along PC1, while glp-1 ncl-1 and glp-1 ncl-1 onmrps-16i or popl-1i distribute on
PC2.

d. Volcano plots of differentially expressed proteins in day 1 glp-1 ncl-1 worms compared to
glp-1, glp-1 ncl-1 onmrps-16i, compared to glp-1 ncl-1 E., and glp-1 ncl-1 on popl-1i
compared to glp-1 ncl-1 F. Blue dots indicate significantly downregulated and red
significantly upregulated proteins (adjusted p < 0.05). Log2 fold changes in normalized
expression counts.

g. Average Z-scores of all the cytosolic ribosomal proteins belonging to the 40S (g) and 60S (h)
subunits detected in the single worm proteomics at day 1 in glp-1, glp-1 ncl-1, glp-1 ncl-1
mrps-16i, or popl-1i.

i. Average Z-scores of all the mitochondrial ribosomal proteins from the 30S (i) and 50S (j)
subunits detected in the single worm proteomics at day 1 in glp-1, glp-1 ncl-1, glp-1 ncl-1
mrps-16, or popl-1i. For each protein, the mean across all samples was subtracted and
divided by the standard deviation. 0 indicates expression equal to the protein’s average,
positive values (red), higher-than-average, and negative (blue), lower-than-average.
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Figure 5. Lifespan-extending RNAi treatments remodel the day 5 proteome
a. Volcano plots of differentially expressed proteins from single-worm proteomics in day 5 glp-

1 ncl-1 worms compared to glp-1, glp-1 ncl-1 onmrps-16 RNAi, compared to glp-1 ncl-1 b.,
and glp-1 ncl-1 on popl-1i compared to glp-1 ncl-1 c. Blue dots indicate significant
downregulation and red significant upregulation (p adj. < 0.05). Log2 fold changes in
normalized expression counts.

d. PCA of single-worm proteomic data from glp-1 (grey), glp-1 ncl-1 (red), glp-1 ncl-1 onmrps-
16i (blue), and glp-1 ncl-1 on popl-1i (orange) at day 1. Each point corresponds to one worm
(n=8). The analysis was carried out on normalized protein expression counts, first and
second principal components (PC1, PC2) are shown. The clustering indicates that glp-1 and
glp-1 ncl-1 separate primarily along PC,1 and glp-1 ncl-1 and glp-1 ncl-1 onmrps-16i
distribute along PC2.

e. Average Z-scores of all the mitochondrial RPs from the 30S (e) and 50S (f) subunits detected
in single worm proteomics at day 5 in glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16i, or popl-1i. For
each protein, the mean across all samples was subtracted and divided by the standard
deviation. 0 indicates expression equal to the protein’s average, positive values (red), higher-
than-average, and negative (blue), lower-than-average.
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Figure 6. RNAi suppression of ncl-1 restores transcript-protein coordination within the ribosome
biogenesis and translational machinery.

a. Volcano plots of differentially expressed transcripts in day 1 glp-1 ncl-1 worms compared to
glp-1, glp-1 ncl-1 onmrps-16i compared to glp-1 ncl-1 b., and glp-1 ncl-1 on popl-1i
compared to glp-1 ncl-1 c. Blue dots indicate significant downregulation and red significant
upregulation (adjusted p < 0.05).

d. PCA of RNA-seq data from glp-1 (grey), glp-1 ncl-1 (red), glp-1 ncl-1 onmrps-16i (blue), and
glp-1 ncl-1 on popl-1i (orange) at day 1. Each point corresponds to a biological replicate
(n=3). The analysis was carried out on normalized gene-expression counts, first and second
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principal components (PC1, PC2) are shown. Clustering indicates that glp-1 and glp-1 ncl-1
separate primarily along PC1, while glp-1 ncl-1 and glp-1 ncl-1 onmrps-16i distribute along
PC2.

e. Co-regulation of all the detected transcripts and proteins, log2 fold changes of the RiBi
factors and translation factors (as categorized by GO: BP) in day 1 worms. Grey represents
genes that are not significant in both datasets, green is significant only in RNAseq, orange
only in proteomics, red is significantly upregulated in both datasets, pink is significant in
both datasets but in opposite direction, and blue is significantly downregulated in both
datasets. (Pearson R2 values; p values indicated in the figure). Proteins showing
anticorrelation: RPS-7, RPS-12, RPL-12, RPL-23, RPL-24.1, RPL-30, RPL-32, RPL-34, RPL-39,
and RPL-43
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Figure 7. Loss of ncl-1 uncouples ribosome biogenesis from bulk protein synthesis and redistributes
translational output.

a. Representative SUnSET-based western blot of global protein synthesis in glp-1 ncl-1, glp-1
ncl-1 mrps-16, or popl-1i at day 1 of adulthood. Lysates from worms of the indicated
genotypes subjected to the SUnSET assay were separated by SDS-PAGE, transferred to
membranes, and probed with anti-puromycin antibody to detect puromycin-labeled nascent
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polypeptides (left panel). The corresponding stain-free gel (Bio-Rad) image is shown on the
right as a loading control for total protein.

b. Quantification of the SUnSET signal at day 1 of adulthood. Background-subtracted band
intensities were normalized to total protein per lane and expressed as fold change relative to
the mean of the glp-1 control group. Each dot represents a biological replicate. (n=10,
Friedman one-way ANOVA post hoc Dunnett’s multiple test, mean ± SEM).
Control quantification of the SUnSET-based western blot of N2 and rsks-1 (sv31)mutants for
control of the assay’s sensitivity (p <0.0001). Each dot represents a biological replicate. (n=4,
Friedman one-way ANOVA post hoc Dunnett’s multiple test, mean ± SEM).

c. Quantification SUnSET signal of glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16i and glp-1 ncl-1 popl-1i
worms at day 5 of adulthood. Each dot represents a biological replicate. (n=4, Friedman one-
way ANOVA post hoc Dunnett’s multiple test, mean ± SEM).

d. Body length (mm) of day 1 adult glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16i, and glp-1 ncl-1 popl-1i
worms. Each dot represents an individual worm. (n=15, One-way ANOVA post-hoc Turkey’s
multiple comparisons test, mean ± SD).

e. Volcano plots of differentially expressed normalized Ribo-Sequencing transcript counts in
day 1 glp-1 ncl-1 worms compared to glp-1, glp-1 ncl-1 onmrps-16i compared to glp-1 ncl-1
f., and glp-1 ncl-1 on popl-1i compared to glp-1 ncl-1 g. Blue dots indicate significant
downregulation and red significant upregulation (adjusted p < 0.05). Log2 fold changes in
Ribo-sequencing counts.

h. Top 10 enriched GO biological process (GO: BP) in the significantly deregulated proteins
(p<0.05) in glp-1 ncl-1-compared to glp-1.

i. Venn Diagram showing 61 shared differentially translated transcripts (DETs) in glp-1 ncl-1
worms treated withmrps-16i or popl-1i compared to glp-1 ncl-1. Top enriched GO: BP and
GO molecular function (GO: FM) terms from the overlapped DETs.

j. Correlation plots of Ribo-Seq and protein abundance (LC-MS/MS) at day 1 of adulthood in
glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16i, and glp-1 ncl-1 popl-1i worms. Axes showlog10-
transformedd raw counts of transcripts and proteins plotted against each other.

k. Correlation of log2 fold changes in the single worm proteomics of ncl-1 loss of function
compared to N2, and the insoluble proteins from ncl-1mutants compared to N2. All samples
were measured at day 5. Each dot represents a protein. Blue dots represent significantly
downregulated proteins in both data sets, red significantly upregulated in both data sets,
green significantly regulated in opposite directions, and grey not significant in one of the
sets. The grey dashed line denotes x = y, and the solid line the regression line, R2 = 0.0642 (p
<0.0001).
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Figure 8. Loss of ncl-1 leads to a loss of correlation between ribosomal proteins that can be
restored bymrps-16i and popl-1i.

a. Batch A distribution of pairwise protein-protein Pearson correlations among RPs at day 1
(top) and day 5 (bottom) in an experiment of single worm proteomics from glp-1, glp-1 ncl-
1, glp-1 ncl-1 mrps-16i, and glp-1 ncl-1 popl-1i worm (~15 worms per genotype). Dashed
grey backgrounds indicate the background calculated with a set of proteins of matched
abundance distribution to RPs.

b. Batch B distribution of pairwise protein-protein Pearson correlations among RPs at day 1
(top) and day 5 (bottom) in a different experiment of single worm proteomics combined
with glp-1, glp-1 ncl-1, glp-1 ncl-1 mrps-16i, and glp-,1 ncl-1 popl-1i worms (~15 worms per
condition per genotype). Dashed grey backgrounds indicate the background calculated with
a set of proteins of matched abundance distribution to RPs.

c. Per-protein average Pearson correlation from each RP to all other RPs at day 1 (top) and day
5 (bottom). Correlations were calculated from single worm proteomics data and combined
across batches. Each point represents the mean correlation of a given ribosomal protein
with all other RPs.

d. Per-protein changes in average RP correlations in each genotype relative to glp-1 at day 5.
For each RP, the y-axis shows the change in mean Pearson correlation in glp-1 ncl-1 relative
to glp-1 worms. The x-axis shows the changes in glp-1 ncl-1 mrps-16i vs glp-1 (left panel) and
glp-1 ncl-1 popl-1i vs glp-1 (right panel). Blue dots indicate the RPs that show the strongest
rescue towards glp-1 under the RNAi knockdowns, and red points indicate RPs commonly
rescued bymrps-16i and popl-1i.



48

Reference list
1. Anisimova, A. S., Alexandrov, A. I., Makarova, N. E., Gladyshev, V. N., & Dmitriev, S. E. (2018).

Protein synthesis and quality control in aging. Aging, 10(12), 4269–4288.
https://doi.org/10.18632/aging.101721

2. Anisimova, A. S., Meerson, M. B., Gerashchenko, M. V., Kulakovskiy, I. V., Dmitriev, S. E., &
Gladyshev, V. N. (2020).Multifaceted deregulation of gene expression and protein synthesis
with age.

3. Bache, N., Geyer, P. E., Bekker-Jensen, D. B., Hoerning, O., Falkenby, L., Treit, P. V., Doll, S.,
Paron, I., Müller, J. B., Meier, F., Olsen, J. V., Vorm, O., & Mann, M. (2018). A Novel LC
System Embeds Analytes in Pre-formed Gradients for Rapid, Ultra-robust Proteomics.
Molecular & Cellular Proteomics: MCP, 17(11), 2284–2296.
https://doi.org/10.1074/mcp.TIR118.000853

4. Bemiller, P. M., & Lee, L.-H. (1978). Nucleolar changes in senescing WI-38 cells. Mechanisms
of Aging and Development, 8, 417–427. https://doi.org/10.1016/0047-6374(78)90041-6

5. Bitto, A., Ito, T. K., Pineda, V. V., LeTexier, N. J., Huang, H. Z., Sutlief, E., Tung, H., Vizzini, N.,
Chen, B., Smith, K., Meza, D., Yajima, M., Beyer, R. P., Kerr, K. F., Davis, D. J., Gillespie, C. H.,
Snyder, J. M., Treuting, P. M., & Kaeberlein, M. (2016). Transient rapamycin treatment can
increase lifespan and healthspan in middle-aged mice. eLife, 5, e16351.
https://doi.org/10.7554/eLife.16351

6. Blazejowski, C. A., & Webster, G. C. (1983). Decreased rates of protein synthesis by cell-free
preparations from different organs of aging mice. Mechanisms of Aging and Development,
21(3), 345–356. https://doi.org/10.1016/0047-6374(83)90051-9

7. Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics, 77(1), 71–94.
https://doi.org/10.1093/genetics/77.1.71

8. Brown, C. J., Kaufman, T., Trinidad, J. C., & Clemmer, D. E. (2018). Proteome changes in the
aging Drosophila melanogaster head. International Journal of Mass Spectrometry, 425,
36–46. https://doi.org/10.1016/j.ijms.2018.01.003

9. Buchwalter, A., & Hetzer, M. W. (2017). Nucleolar expansion and elevated protein
translation in premature aging. Nature Communications, 8(1), 328.
https://doi.org/10.1038/s41467-017-00322-z

10. Chamberlain, J. R., Pagán-Ramos, Kindelberger, D. W., & Engelke, D. R. (1996). An RNAse P
RNA subunit mutation affects ribosomal RNA processing. Nucleic Acids Research, 24(16),
3158–3166. https://doi.org/10.1093/nar/24.16.3158

11. Chen, D., Pan, K. Z., Palter, J. E., & Kapahi, P. (2007). Longevity is determined by
developmental arrest genes in Caenorhabditis elegans. Aging Cell, 6(4), 525–533.
https://doi.org/10.1111/j.1474-9726.2007.00305.x

12. Chiocchetti, A., Zhou, J., Zhu, H., Karl, T., Haubenreisser, O., Rinnerthaler, M., Heeren, G.,
Oender, K., Bauer, J., Hintner, H., Breitenbach, M., & Breitenbach-Koller, L. (2007).



49

Ribosomal proteins Rpl10 and Rps6 are potent regulators of yeast replicative life span.
Experimental Gerontology, 42(4), 275–286. https://doi.org/10.1016/j.exger.2006.11.002

13. Connacher, R. P., & Goldstrohm, A. C. (2021). Molecular and biological functions of TRIM-
NHL RNA-binding proteins.WIREs RNA, 12(2), e1620. https://doi.org/10.1002/wrna.1620

14. Cox, J., & Mann, M. (2008). MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification.
Nature Biotechnology, 26(12), 1367–1372. https://doi.org/10.1038/nbt.1511

15. Cox, J., Neuhauser, N., Michalski, A., Scheltema, R. A., Olsen, J. V., & Mann, M. (2011).
Andromeda: A peptide search engine integrated into the MaxQuant environment. Journal of
Proteome Research, 10(4), 1794–1805. https://doi.org/10.1021/pr101065j

16. Curran, S. P., & Ruvkun, G. (2007). Lifespan Regulation by Evolutionarily Conserved Genes
Essential for Viability. PLOS Genetics, 3(4), e56.
https://doi.org/10.1371/journal.pgen.0030056

17. Demontis, F., & Perrimon, N. (2010). FOXO/4E-BP Signaling in DrosophilaMuscles Regulates
Organism-wide Proteostasis during Aging. Cell, 143(5), 813–825.
https://doi.org/10.1016/j.cell.2010.10.007

18. Derisbourg, M. J., Wester, L. E., Baddi, R., & Denzel, M. S. (2021). Mutagenesis screen
uncovers lifespan extension through integrated stress response inhibition without reduced
mRNA translation. Nature Communications, 12(1), 1678. https://doi.org/10.1038/s41467-
021-21743-x

19. Dhondt, I., Petyuk, V. A., Bauer, S., Brewer, H. M., Smith, R. D., Depuydt, G., & Braeckman, B.
P. (2017). Changes of Protein Turnover in Aging Caenorhabditis elegans*.Molecular &
Cellular Proteomics, 16(9), 1621–1633. https://doi.org/10.1074/mcp.RA117.000049

20. Di Fraia, D., Marino, A., Lee, J. H., Kelmer Sacramento, E., Baumgart, M., Bagnoli, S., Balla, T.,
Schalk, F., Kamrad, S., Guan, R., Caterino, C., Giannuzzi, C., Tomaz da Silva, P., Sahu, A. K.,
Gut, H., Siano, G., Tiessen, M., Terzibasi-Tozzini, E., Fornasiero, E. F., … Ori, A. (2025). Altered
translation elongation contributes to key hallmarks of aging in the killifish brain. Science
(New York, N.Y.), 389(6759), eadk3079. https://doi.org/10.1126/science.adk3079

21. Ding, Q., Li, R., Ren, X., Chan, L., Ho, V. W. S., Xie, D., Ye, P., & Zhao, Z. (2022). Genomic
architecture of 5S rDNA cluster and its variations within and between species. BMC
Genomics, 23(1), 238. https://doi.org/10.1186/s12864-022-08476-x

22. Duerr, J. S. (2013). Antibody Staining in C. Elegans Using “Freeze-Cracking.” JoVE, 80,
e50664. https://doi.org/10.3791/50664

23. Dwyer, B. E., Fando, J. L., & Wasterlain, C. G. (1980). Rat Brain Protein Synthesis Declines
During Postdevelopmental Aging. Journal of Neurochemistry, 35(3), 746–749.
https://doi.org/10.1111/j.1471-4159.1980.tb03717.x

24. Eberhard, R., Stergiou, L., Hofmann, E. R., Hofmann, J., Haenni, S., Teo, Y., Furger, A., &
Hengartner, M. O. (2013). Ribosome Synthesis and MAPK Activity Modulate Ionizing



50

Radiation-Induced Germ Cell Apoptosis in Caenorhabditis elegans. PLoS Genetics, 9(11),
e1003943. https://doi.org/10.1371/journal.pgen.1003943

25. Eder, M., Martin, O. M. F., Oswal, N., Sedlackova, L., Moutinho, C., Del Carmen-Fabregat, A.,
Menendez Bravo, S., Sebé-Pedrós, A., Heyn, H., & Stroustrup, N. (2024a). Systematic
mapping of organism-scale gene-regulatory networks in aging using population asynchrony.
Cell, 187(15), 3919-3935.e19. https://doi.org/10.1016/j.cell.2024.05.050

26. Eder, M., Martin, O. M. F., Oswal, N., Sedlackova, L., Moutinho, C., Del Carmen-Fabregat, A.,
Menendez Bravo, S., Sebé-Pedrós, A., Heyn, H., & Stroustrup, N. (2024b). Systematic
mapping of organism-scale gene-regulatory networks in aging using population asynchrony.
Cell, 187(15), 3919-3935.e19. https://doi.org/10.1016/j.cell.2024.05.050

27. Ellis, R. E., Sulston, J. E., & Coulson, A. R. (1986). The rDNA of C. elegans: Sequence and
structure. Nucleic Acids Research, 14(5), 2345–2364. https://doi.org/10.1093/nar/14.5.2345

28. Fando, J. L., Salinas, M., & Wasterlain, C. G. (1980). Age-dependent changes in brain protein
synthesis in the rat. Neurochemical Research, 5(4), 373–383.
https://doi.org/10.1007/BF00964226

29. Frank, D. J., & Roth, M. B. (1998). Ncl-1 Is Required for the Regulation of Cell Size and
Ribosomal RNA Synthesis in Caenorhabditis elegans. Journal of Cell Biology, 140(6),
1321–1329. https://doi.org/10.1083/jcb.140.6.1321

30. Gómez-Herreros, F., Margaritis, T., Rodríguez-Galán, O., Pelechano, V., Begley, V., Millán-
Zambrano, G., Morillo-Huesca, M., Muñoz-Centeno, M. C., Pérez-Ortín, J. E., de la Cruz, J.,
Holstege, F. C. P., & Chávez, S. (2017). The ribosome assembly gene network is controlled by
the feedback regulation of transcription elongation. Nucleic Acids Research, 45(16),
9302–9318. https://doi.org/10.1093/nar/gkx529

31. González-Gualda, E., Baker, A. G., Fruk, L., & Muñoz-Espín, D. (2021). A guide to assessing
cellular senescence in vitro and in vivo. The FEBS Journal, 288(1), 56–80.
https://doi.org/10.1111/febs.15570

32. Gutierrez, J. I., & Tyler, J. K. (2024). A mortality timer based on nucleolar size triggers
nucleolar integrity loss and catastrophic genomic instability. Nature Aging, 4(12),
1782–1793. https://doi.org/10.1038/s43587-024-00754-5

33. Hansen, M., Taubert, S., Crawford, D., Libina, N., Lee, S.-J., & Kenyon, C. (2007). Lifespan
extension by conditions that inhibit translation in Caenorhabditis elegans. Aging Cell, 6(1),
95–110. https://doi.org/10.1111/j.1474-9726.2006.00267.x

34. Houtkooper, R. H., Mouchiroud, L., Ryu, D., Moullan, N., Katsyuba, E., Knott, G., Williams, R.
W., & Auwerx, J. (2013). Mitonuclear protein imbalance as a conserved longevity
mechanism. Nature, 497(7450), 451–457. https://doi.org/10.1038/nature12188

35. Hu, Z., Xia, B., Postnikoff, S. D., Shen, Z.-J., Tomoiaga, A. S., Harkness, T. A., Seol, J. H., Li, W.,
Chen, K., & Tyler, J. K. (2018). Ssd1 and Gcn2 suppress global translation efficiency in
replicatively aged yeast while their activation extends lifespan. eLife, 7, e35551.
https://doi.org/10.7554/eLife.35551



51

36. Iqbal, A., Duitama, C., Metge, F., Rosskopp, D., & Boucas, J. (2021). Flaski [Computer
software]. Zenodo. https://doi.org/10.5281/zenodo.5254193

37. Jo, M., Kim, S., Park, J., Chang, Y.-T., & Gwon, Y. (2024). Reduced dynamicity and increased
high-order protein assemblies in dense fibrillar component of the nucleolus under cellular
senescence. Redox Biology, 75, 103279. https://doi.org/10.1016/j.redox.2024.103279

38. Kamath, R. S., & Ahringer, J. (2003). Genome-wide RNAi screening in Caenorhabditis elegans.
Methods, 30(4), 313–321. https://doi.org/10.1016/S1046-2023(03)00050-1

39. Kang, J., Brajanovski, N., Chan, K. T., Xuan, J., Pearson, R. B., & Sanij, E. (2021). Ribosomal
proteins and human diseases: Molecular mechanisms and targeted therapy. Signal
Transduction and Targeted Therapy, 6(1), 323. https://doi.org/10.1038/s41392-021-00728-8

40. Khatir, I., Brunet, M. A., Meller, A., Amiot, F., Patel, T., Lapointe, X., Avila Lopez, J., Guilloy,
N., Castonguay, A., Husain, M. A., Germain, J. S., Boisvert, F.-M., Plourde, M., Roucou, X., &
Laurent, B. (2023). Decoupling of mRNA and Protein Expression in Aging Brains Reveals the
Age-Dependent Adaptation of Specific Gene Subsets. Cells, 12(4), 615.
https://doi.org/10.3390/cells12040615

41. Kondrashov, N., Pusic, A., Stumpf, C. R., Shimizu, K., Hsieh, A. C., Xue, S., Ishijima, J.,
Shiroishi, T., & Barna, M. (2011). Ribosome-Mediated Specificity in Hox mRNA Translation
and Vertebrate Tissue Patterning. Cell, 145(3), 383–397.
https://doi.org/10.1016/j.cell.2011.03.028

42. Koyuncu, S., Loureiro, R., Lee, H. J., Wagle, P., Krueger, M., & Vilchez, D. (2021). Rewiring of
the ubiquitinated proteome determines aging in C. elegans. Nature, 596(7871), 285–290.
https://doi.org/10.1038/s41586-021-03781-z

43. Langfelder, P., & Horvath, S. (2008). WGCNA: An R package for weighted correlation network
analysis. BMC Bioinformatics, 9, 559. https://doi.org/10.1186/1471-2105-9-559

44. Layman, D. K., Ricca, G. A., & Richardson, A. (1976). The effect of age on protein synthesis
and ribosome aggregation to messenger RNA in rat liver. Archives of Biochemistry and
Biophysics, 173(1), 246–254. https://doi.org/10.1016/0003-9861(76)90256-3

45. Leote, A. C., Lopes, F., & Beyer, A. (2024). Loss of coordination between basic cellular
processes in human aging. Nature Aging, 4(10), 1432–1445.
https://doi.org/10.1038/s43587-024-00696-y

46. Lindahl, L., Bommankanti, A., Li, X., Hayden, L., Jones, A., Khan, M., Oni, T., & Zengel, J. M.
(2009). RNAse MRP is required for entry of 35S precursor rRNA into the canonical processing
pathway. RNA, 15(7), 1407–1416. https://doi.org/10.1261/rna.1302909

47. Liu, Y. J., McIntyre, R. L., Janssens, G. E., Williams, E. G., Lan, J., van Weeghel, M.,
Schomakers, B., van der Veen, H., van der Wel, N. N., Yao, P., Mair, W. B., Aebersold, R.,
MacInnes, A. W., & Houtkooper, R. H. (2020). Mitochondrial translation and dynamics
synergistically extend lifespan in C. elegans through HLH-30. The Journal of Cell Biology,
219(6), e201907067. https://doi.org/10.1083/jcb.201907067



52

48. Llewellyn, J., Mallikarjun, V., Appleton, E., Osipova, M., Gilbert, H. T. J., Richardson, S. M.,
Hubbard, S. J., & Swift, J. (2023). Loss of regulation of protein synthesis and turnover
underpins an attenuated stress response in senescent human mesenchymal stem cells.
Proceedings of the National Academy of Sciences, 120(14), e2210745120.
https://doi.org/10.1073/pnas.2210745120

49. Loedige, I., Gaidatzis, D., Sack, R., Meister, G., & Filipowicz, W. (2013). The mammalian
TRIM-NHL protein TRIM71/LIN-41 is a repressor of mRNA function. Nucleic Acids Research,
41(1), 518–532. https://doi.org/10.1093/nar/gks1032

50. Loedige, I., Jakob, L., Treiber, T., Ray, D., Stotz, M., Treiber, N., Hennig, J., Cook, K. B., Morris,
Q., Hughes, T. R., Engelmann, J. C., Krahn, M. P., & Meister, G. (2015). The Crystal Structure
of the NHL Domain in Complex with RNA Reveals the Molecular Basis of Drosophila Brain-
Tumor-Mediated Gene Regulation. Cell Reports, 13(6), 1206–1220.
https://doi.org/10.1016/j.celrep.2015.09.068

51. Loedige, I., Stotz, M., Qamar, S., Kramer, K., Hennig, J., Schubert, T., Löffler, P., Längst, G.,
Merkl, R., Urlaub, H., & Meister, G. (2014). The NHL domain of BRAT is an RNA-binding
domain that directly contacts the hunchback mRNA for regulation. Genes & Development,
28(7), 749–764. https://doi.org/10.1101/gad.236513.113

52. López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2023). Hallmarks of
aging: An expanding universe. Cell, 186(2), 243–278.
https://doi.org/10.1016/j.cell.2022.11.001

53. Lu, T.-C., Brbić, M., Park, Y.-J., Jackson, T., Chen, J., Kolluru, S. S., Qi, Y., Katheder, N. S., Cai,
X. T., Lee, S., Chen, Y.-C., Auld, N., Liang, C.-Y., Ding, S. H., Welsch, D., D’Souza, S., Pisco, A.
O., Jones, R. C., Leskovec, J., … Li, H. (2023). Aging Fly Cell Atlas identifies exhaustive aging
features at cellular resolution. Science. https://doi.org/10.1126/science.adg0934

54. Martinez-Miguel, V. E., Lujan, C., Espie--Caullet, T., Martinez-Martinez, D., Moore, S., Backes,
C., Gonzalez, S., Galimov, E. R., Brown, A. E. X., Halic, M., Tomita, K., Rallis, C., von der Haar,
T., Cabreiro, F., & Bjedov, I. (2021). Increased fidelity of protein synthesis extends lifespan.
Cell Metabolism, 33(11), 2288-2300.e12. https://doi.org/10.1016/j.cmet.2021.08.017

55. McCormick, M. A., Delaney, J. R., Tsuchiya, M., Tsuchiyama, S., Shemorry, A., Sim, S., Chou,
A. C.-Z., Ahmed, U., Carr, D., Murakami, C. J., Schleit, J., Sutphin, G. L., Wasko, B. M.,
Bennett, C. F., Wang, A. M., Olsen, B., Beyer, R. P., Bammler, T. K., Prunkard, D., … Kennedy,
B. K. (2015). A Comprehensive Analysis of Replicative Lifespan in 4,698 Single-Gene Deletion
Strains Uncovers Conserved Mechanisms of Aging. Cell Metabolism, 22(5), 895–906.
https://doi.org/10.1016/j.cmet.2015.09.008

56. Molenaars, M., Janssens, G. E., Williams, E. G., Jongejan, A., Lan, J., Rabot, S., Joly, F.,
Moerland, P. D., Schomakers, B. V., Lezzerini, M., Liu, Y. J., McCormick, M. A., Kennedy, B. K.,
Weeghel, M. van, Kampen, A. H. C. van, Aebersold, R., MacInnes, A. W., & Houtkooper, R. H.
(2020). A Conserved Mito-Cytosolic Translational Balance Links Two Longevity Pathways. Cell
Metabolism, 31(3), 549-563.e7. https://doi.org/10.1016/j.cmet.2020.01.011



53

57. Motizuki, M., & Tsurugi, K. (1992). The effect of aging on protein synthesis in the yeast
Saccharomyces cerevisiae.Mechanisms of Aging and Development, 64(3), 235–245.
https://doi.org/10.1016/0047-6374(92)90081-N

58. Nonninger, T. J., Mak, J., Gerisch, B., Ramponi, V., Kawamura, K., Ripa, R., Schilling, K., Latza,
C., Kölschbach, J., Serrano, M., & Antebi, A. (2025). A TFEB–TGFβ axis systemically regulates
diapause, stem cell resilience and protects against a senescence-like state. Nature Aging,
5(7), 1340–1357. https://doi.org/10.1038/s43587-025-00911-4

59. Pan, K. Z., Palter, J. E., Rogers, A. N., Olsen, A., Chen, D., Lithgow, G. J., & Kapahi, P. (2007).
Inhibition of mRNA translation extends lifespan in Caenorhabditis elegans. Aging Cell, 6(1),
111–119. https://doi.org/10.1111/j.1474-9726.2006.00266.x

60. Reis-Rodrigues, P., Czerwieniec, G., Peters, T. W., Evani, U. S., Alavez, S., Gaman, E. A.,
Vantipalli, M., Mooney, S. D., Gibson, B. W., Lithgow, G. J., & Hughes, R. E. (2012). Proteomic
analysis of age-dependent changes in protein solubility identifies genes that modulate
lifespan. Aging Cell, 11(1), 120–127. https://doi.org/10.1111/j.1474-9726.2011.00765.x

61. Rezaie, N., Reese, F., & Mortazavi, A. (2023). PyWGCNA: A Python package for weighted
gene co-expression network analysis. Bioinformatics, 39(7), btad415.
https://doi.org/10.1093/bioinformatics/btad415

62. Ritchie, M. E., Diyagama, D., Neilson, J., van Laar, R., Dobrovic, A., Holloway, A., & Smyth, G.
K. (2006). Empirical array quality weights in the analysis of microarray data. BMC
Bioinformatics, 7(1), 261. https://doi.org/10.1186/1471-2105-7-261

63. Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., & Smyth, G. K. (2015). Limma
powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Research, 43(7), e47. https://doi.org/10.1093/nar/gkv007

64. Rual, J.-F., Ceron, J., Koreth, J., Hao, T., Nicot, A.-S., Hirozane-Kishikawa, T., Vandenhaute, J.,
Orkin, S. H., Hill, D. E., Heuvel, S. van den, & Vidal, M. (2004). Toward Improving
Caenorhabditis elegans Phenome Mapping With an ORFeome-Based RNAi Library. Genome
Research, 14(10b), 2162–2168. https://doi.org/10.1101/gr.2505604

65. Sacramento, E. K., Kirkpatrick, J. M., Mazzetto, M., Baumgart, M., Bartolome, A., Sanzo, S. D.,
Caterino, C., Sanguanini, M., Papaevgeniou, N., Lefaki, M., Childs, D., Bagnoli, S., Tozzini, E.
T., Fraia, D. D., Romanov, N., Sudmant, P. H., Huber, W., Chondrogianni, N., Vendruscolo,
M., … Ori, A. (2020). Reduced proteasome activity in the aging brain results in ribosome
stoichiometry loss and aggregation.Molecular Systems Biology.
https://doi.org/10.15252/msb.20209596

66. Saijou, E., Fujiwara, T., Suzaki, T., Inoue, K., & Sakamoto, H. (2004). RBD-1, a nucleolar RNA-
binding protein, is essential for Caenorhabditis elegans early development through 18S
ribosomal RNA processing. Nucleic Acids Research, 32(3), 1028–1036.
https://doi.org/10.1093/nar/gkh264

67. Salerno-Kochan, A., Horn, A., Ghosh, P., Nithin, C., Kościelniak, A., Meindl, A., Strauss, D.,
Krutyhołowa, R., Rossbach, O., Bujnicki, J. M., Gaik, M., Medenbach, J., & Glatt, S. (2022).



54

Molecular insights into RNA recognition and gene regulation by the TRIM-NHL protein Mei-
P26. Life Science Alliance, 5(8), e202201418. https://doi.org/10.26508/lsa.202201418

68. Sirozh, O., Saez-Mas, A., Jung, B., Sanchez-Burgos, L., Zarzuela, E., Rodrigo-Perez, S.,
Ventoso, I., Lafarga, V., & Fernandez-Capetillo, O. (2024). Nucleolar stress caused by
arginine-rich peptides triggers a ribosomopathy and accelerates aging in mice. Molecular
Cell, 84(8), 1527-1540.e7. https://doi.org/10.1016/j.molcel.2024.02.031

69. Sonoda, J., & Wharton, R. P. (2001). Drosophila Brain Tumor is a translational repressor.
Genes & Development, 15(6), 762–773. https://doi.org/10.1101/gad.870801

70. Soto, I., Couvillion, M., Hansen, K. G., McShane, E., Moran, J. C., Barrientos, A., &
Churchman, L. S. (2022). Balanced mitochondrial and cytosolic translatomes underlie the
biogenesis of human respiratory complexes. Genome Biology, 23(1), 170.
https://doi.org/10.1186/s13059-022-02732-9

71. Steffen, K. K., MacKay, V. L., Kerr, E. O., Tsuchiya, M., Hu, D., Fox, L. A., Dang, N., Johnston, E.
D., Oakes, J. A., Tchao, B. N., Pak, D. N., Fields, S., Kennedy, B. K., & Kaeberlein, M. (2008).
Yeast Life Span Extension by Depletion of 60S Ribosomal Subunits Is Mediated by Gcn4. Cell,
133(2), 292–302. https://doi.org/10.1016/j.cell.2008.02.037

72. Stein, K. C., Morales-Polanco, F., van der Lienden, J., Rainbolt, T. K., & Frydman, J. (2022).
Aging exacerbates ribosome pausing to disrupt cotranslational proteostasis. Nature,
601(7894), 637–642. https://doi.org/10.1038/s41586-021-04295-4

73. Stiernagle, T. (2006). Maintenance of C. elegans. In WormBook: The Online Review of C.
elegans Biology [Internet]. WormBook. https://www.ncbi.nlm.nih.gov/books/NBK19649/

74. Suhm, T., Kaimal, J. M., Dawitz, H., Peselj, C., Masser, A. E., Hanzén, S., Ambrožič, M.,
Smialowska, A., Björck, M. L., Brzezinski, P., Nyström, T., Büttner, S., Andréasson, C., & Ott,
M. (2018). Mitochondrial Translation Efficiency Controls Cytoplasmic Protein Homeostasis.
Cell Metabolism, 27(6), 1309-1322.e6. https://doi.org/10.1016/j.cmet.2018.04.011

75. Tiku, V., Jain, C., Raz, Y., Nakamura, S., Heestand, B., Liu, W., Späth, M., Suchiman, H. E. D.,
Müller, R.-U., Slagboom, P. E., Partridge, L., & Antebi, A. (2017). Small nucleoli are a cellular
hallmark of longevity. Nature Communications, 8(1), 16083.
https://doi.org/10.1038/ncomms16083

76. Tiruneh, B. S., Kim, B.-H., Gallie, D. R., Roy, B., & Von Arnim, A. G. (2013). The global
translation profile in a ribosomal protein mutant resembles that of an eIF3 mutant. BMC
Biology, 11(1), 123. https://doi.org/10.1186/1741-7007-11-123

77. Ubaida-Mohien, C., Lyashkov, A., Gonzalez-Freire, M., Tharakan, R., Shardell, M., Moaddel,
R., Semba, R. D., Chia, C. W., Gorospe, M., Sen, R., & Ferrucci, L. (2019). Discovery
proteomics in aging human skeletal muscle finds change in spliceosome, immunity,
proteostasis and mitochondria. eLife, 8, e49874. https://doi.org/10.7554/eLife.49874

78. Venz, R., Goyala, A., Soto-Gamez, A., Yenice, T., Demaria, M., & Ewald, C. Y. (2024). In-vivo
screening implicates endoribonuclease Regnase-1 in modulating senescence-associated



55

lysosomal changes. GeroScience, 46(2), 1499–1514. https://doi.org/10.1007/s11357-023-
00909-z

79. Walther, D. M., Kasturi, P., Zheng, M., Pinkert, S., Vecchi, G., Ciryam, P., Morimoto, R. I.,
Dobson, C. M., Vendruscolo, M., Mann, M., & Hartl, F. U. (2015). Widespread Proteome
Remodeling and Aggregation in Aging C. elegans. Cell, 161(4), 919–932.
https://doi.org/10.1016/j.cell.2015.03.032

80. Ward, W., & Richardson, A. (1991). Effect of age on liver protein synthesis and degradation.
Hepatology, 14(5), 935. https://doi.org/10.1002/hep.1840140529

81. Webster, G. C., & Webster, S. L. (1979). Decreased protein synthesis by microsomes from
aging Drosophila melanogaster. Experimental Gerontology, 14(6), 343–348.
https://doi.org/10.1016/0531-5565(79)90047-0

82. West, S. M., Mecenas, D., Gutwein, M., Aristizábal-Corrales, D., Piano, F., & Gunsalus, K. C.
(2018). Developmental dynamics of gene expression and alternative polyadenylation in the
Caenorhabditis elegans germline. Genome Biology, 19(1), 8.
https://doi.org/10.1186/s13059-017-1369-x

83. Yi, Y.-H., Ma, T.-H., Lee, L.-W., Chiou, P.-T., Chen, P.-H., Lee, C.-M., Chu, Y.-D., Yu, H., Hsiung,
K.-C., Tsai, Y.-T., Lee, C.-C., Chang, Y.-S., Chan, S.-P., Tan, B. C.-M., & Lo, S. J. (2015). A
Genetic Cascade of let-7-ncl-1-fib-1 Modulates Nucleolar Size and rRNA Pool in
Caenorhabditis elegans. PLOS Genetics, 11(10), e1005580.
https://doi.org/10.1371/journal.pgen.1005580

84. Zhu, H., Chen, J., Liu, K., Gao, L., Wu, H., Ma, L., Zhou, J., Liu, Z., & Han, J.-D. J. (2023). Human
PBMC scRNA-seq–based aging clocks reveal ribosome to inflammation balance as a single-
cell aging hallmark and super longevity. Science Advances, 9(26), eabq7599.
https://doi.org/10.1126/sciadv.abq7599

85. Zhu, X., Zhang, W., Guo, J., Zhang, X., Li, L., Wang, T., Yan, J., Zhang, F., Hou, B., Gao, N., Gao,
G. F., & Zhou, X. (2019). Noc4L-Mediated Ribosome Biogenesis Controls Activation of
Regulatory and Conventional T Cells. Cell Reports, 27(4), 1205-1220.e4.
https://doi.org/10.1016/j.celrep.2019.03.083



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Table1Lifespans.xlsx

Table2BulkRNAseqProteomicsD1glp1glp1ncl1.xlsx

Table3davidbulkproteomicsglp1ncl1vsglp1D1.xlsx

Table4N2agingLFQquantarrayw.xlsx

Table5davidN2ageingtrajectories.xlsx

Table6TTGTTgenewise.csv

Table7glp1glp1ncl1gnmrps16gnpopl1D1LFQquantarrayw.xlsx

Table8glp1glp1ncl1gnmrps16gnpopl1D5LFQquantarrayw.xlsx

Table9davidSWproteomicsglp1ncl1vsglp1D5.xlsx

Table10davidSWproteomicsmrps16popl1combinedvsglp1ncl1D5.xlsx

Table11differentialtranslationD1.xlsx

Table12davidriboseqTEglp1ncl1vsglp1D1.xlsx

Table13davidriboseqTEmrsps16popl1combinedvsglp1ncl1D1.xlsx

https://assets-eu.researchsquare.com/files/rs-9541370/v1/4e179311b7fc641ab96dce7a.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/736eb38efc3bff10d8db0e70.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/ffca0a24cffee7e68a3b1941.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/29824a802bc1fb38378e8f55.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/a19ecf06ce18d37aa01264ee.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/dd69f07ff50ff9911b718c00.csv
https://assets-eu.researchsquare.com/files/rs-9541370/v1/29b95455650b17c2bf04dc47.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/a0d41ce511ff587b7f49d66e.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/23eead91d4a1de55ec71bef6.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/69f91542c186f1fd8089b84d.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/92cd6fce046057847eaf9d0a.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/86bb83ccda3431f9d179d29c.xlsx
https://assets-eu.researchsquare.com/files/rs-9541370/v1/1275006ac7d9ecb41e65e1cb.xlsx

	Abstract


	Introduction


	


	Results


	Loss of ncl-1 in worms shortens lifespan and perturbs ribosome biogenesis.


	Ribosomal proteins exhibit transcript-protein decoupling during aging.


	RNAi screen identifies mitochondrial ribosome and RNAse P/MRP complex components as suppressors of ncl-1 aging phenotypes.


	


	Knockdown of mitochondrial RP or RNAse P/MRP complex sustains rRNA and ribosomal protein abundance in ncl-1 mutants


	Mitochondrial ribosome and RNAse P/MRP complex knockdown restore ribosomal protein stoichiometry and mRNA-protein coordination.


	Loss of ncl-1 disrupts ribosome assembly and proteostasis, which are restored by mitochondrial ribosome or RNAse P/MRP knockdown.



	Discussion


	Methods


	Key resources table


	Bacterial and Virus Strains


	Chemicals, Peptides, and Recombinant Proteins


	Critical Commercial Assays


	Deposited Data


	Experimental models: Organisms/Strains


	Oligonucleotides



	Experimental model and study participant details


	C. elegans strains


	Nematode culture conditions and maintenance




	Method details


	Lifespan assay


	RNA interference


	Mature rRNA measurements


	Quantitative RT-PCR 


	RNA-Sequencing


	Total RNA was extracted from synchronized adult worms and purified as described above. Libraries were prepared from 300 ng total RNA. Enzymatic depletion of ribosomal RNA with the Illumina Ribo-Zero Plus rRNA Depletion Kit was followed by library preparation with the Illumina® Stranded Total RNA sample preparation kit. The depleted RNA was fragmented and reverse transcribed with random hexamer primers, second-strand synthesis with dNTPs was followed by A-tailing, adapter ligation,n and library amplification (12 cycles). Next, the library validation and quantification (Agilent Tape Station) were performed, followed by pooling of equimolar amounts of the library. The pool itself was then quantified using the Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection System and sequenced on an Illumina NovaSeq6000 sequencing instrument with a PE100 protocol aiming for 25 million clusters per sample.


	NCL-binding motif analysis 


	Bioinformatic precursor rRNA analysis


	Bulk proteomic sample preparation and analysis 


	Single worm proteomic sample preparation and analysis


	Protein stoichiometry analysis


	mRNA-Protein Aging Trajectory Analysis


	Senescence-associated b galactosidase staining (SA-b-gal)


	Fluorescence microscopy and image analysis


	SUnSET assay and Immunoblotting


	Polysome Profiling


	Ribosome Sequencing: sample preparation, library preparation, and sequencing


	Ribosome profiling was performed with minor adaptations from established C. elegans protocols. Briefly, ~10,000 synchronized adult worms were collected, washed in M9 buffer, flash-frozen, and thawed in the presence of cycloheximide (1 mM). Worms were lysed mechanically in polysome lysis buffer (Tris-HCl 20 mM, KCl 140 mM, MgCl₂ 1.5 mM, NP-40 0.5 %, sodium deoxycholate 1%, DTT 1 mM, PMSF 1 mM, and cycloheximide 1 mM). Clarified lysates were treated with RNAse I for 1 h at room temperature to generate ribosome-protected fragments.


	Digested lysates were resolved on linear 15–50% sucrose gradients by ultracentrifugation (SW40Ti rotor, 39,000 rpm, 2 h, 4°C) and flash-frozen. RNA was extracted by proteinase K digestion followed by acid phenol–chloroform extraction and ethanol precipitation. Purified RNA was further cleaned using the Zymo RNA Clean & Concentrator-5 kit and submitted as dry pellets for library preparation. Total RNA samples used for normalization were processed in parallel using the RNA-seq protocol described above.


	SDS-Insoluble aggregation analysis




	Acknowledgements


	Author contributions


	Declaration of interests


	Extended Data


	Reference list




