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Abstract 17 
 18 
Recent work has revealed an increasingly important role for mRNA translation in maintaining proteostasis. 19 
Inhibiting translation protects from various proteostatic insults, including heat, expression of aggregation-prone 20 
proteins, or aging. However, multiple studies have come to differing conclusions about the mechanisms 21 
underlying the protective effects of translation inhibition. Here, we systematically lower translation either by 22 
pharmacologically inhibiting translation initiation or elongation and show that each step activates distinct 23 
protective responses in Caenorhabditis elegans. Targeting initiation triggers an HSF-1 dependent mechanism 24 
that protects from heat and age-associated protein misfolding but not from proteotoxicity caused by 25 
proteasome dysfunction. Conversely, targeting elongation triggers an HSF-1 independent mechanism that 26 
protects from heat and proteasome dysfunction but not from age-associated protein aggregation. Furthermore, 27 
while inhibiting translation initiation increases lifespan in wild-type worms, inhibiting translation elongation only 28 
extends lifespan when the animals exhibit preexisting proteotoxic stress—either as a result of aggregation-29 
prone protein expression or hsf-1 deficiency. Together our findings suggest that organisms evolved 30 
complementary mechanisms that the mRNA translation machinery can trigger to restore proteostasis. 31 
 32 

Introduction 33 
 34 
Protein synthesis is a highly regulated process involving the precise orchestration of many chaperones, co-35 
factors, enzymes, and biomolecular building blocks. It is critical at every level of the life cycle from development 36 
through aging and is central to stress adaptation (Higuchi-Sanabria et al., 2018). Protein synthesis largely 37 
determines the folding load on the proteostasis network, which regulates protein production, folding, 38 
trafficking, and degradation to maintain a functional proteome. The imbalance of the proteostasis network 39 
caused by age-associated stress or acute environmental insults leads to misfolding of proteins and the 40 
accumulation of aggregates, and eventually to disease (Balch et al., 2008).  41 
 42 
A substantial body of work has revealed that the protein synthesis machinery directly participates in protein 43 
folding or aggregation. For example, in mice, point mutations in specific tRNAs or components of the ribosomal 44 
quality control (RQC) pathway can lead to protein aggregation and neurodegeneration (Chu et al., 2009; 45 
Nedialkova and Leidel, 2015; Nollen et al., 2004; Vo et al., 2018; Yonashiro et al., 2016). Similarly, early RNAi 46 
screens in the nematode C. elegans identified several ribosomal subunits whose knockdown increased 47 
aggregation of polyglutamine (polyQ) proteins (Nollen et al., 2004). These findings highlight the importance of 48 
translation in protein misfolding. 49 
 50 
However, subsequent studies reveal a more intricate role of translation in protein aggregation. Depending on 51 
how translation is modulated can lead to either decreased or increased protein aggregation. For example, RNAi-52 
mediated knockdown of translation initiation factors increase lifespan, improve proteostasis, and reduce 53 
protein aggregation in C. elegans (Balch et al., 2008; Lan et al., 2019; McQuary et al., 2016; Rogers et al., 2011). 54 
Similarly, work in yeast and cell culture shows that pharmacological inhibition of translation prior to a heat shock 55 
prevents proteins from aggregating (Choe et al., 2016; Medicherla and Goldberg, 2008; Riback et al., 2017; Xu 56 
et al., 2016). While studies in C. elegans, cell culture, and yeast agree that inhibition of translation reduces 57 
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protein aggregation, their proposed underlying mechanisms differ. Overall, the proposed mechanisms can be 58 
categorized into two broad models on how lowering translation reduces protein aggregation.  59 
 60 
The first model, referred to as the selective translation model, proposes that inhibition of translation is selective. 61 
In the selective translation model, the increased availability of ribosomes leads to differential translation of 62 
mRNAs coding for stress response factors and thus to increased folding capacity (Lan et al., 2019; McQuary et 63 
al., 2016; Rogers et al., 2011; Seo et al., 2013). In general, studies proposing a version of the selective translation 64 
model show that inhibiting translation requires HSF-1 to reduce protein aggregation (Tye and Churchman, 65 
2021). In the selective translation model, protein aggregation is reduced by an HSF-1 dependent active 66 
generation of folding capacity to remodel the proteome. 67 
 68 
The second model, referred to as the reduced folding load model, proposes that newly synthesized proteins are 69 
the primary aggregation–prone species of proteins. Therefore, newly synthesized proteins constitute the most 70 
significant folding load on the proteostasis machinery. Inhibition of translation reduces the concentration of 71 
newly synthesized proteins and thus the load on the folding machinery. In contrast to the selective translation 72 
model, which proposes selective protein synthesis of HSF-1 dependent stress response factors, the reduced 73 
folding load model does not depend on specific factors but generates folding capacity by reducing the overall 74 
folding load. A fundamental problem comparing previous studies has been their use of different model 75 
organisms, different proteostatic insults, and modes of inhibition, each of which could potentially account for 76 
the varied conclusions. 77 
 78 
In this study, we systematically compared these two models in C. elegans using pharmacological agents to block 79 
various steps along the protein production cycle. We characterize how lowering translation protects C. elegans 80 
from proteotoxic insults such as proteasome inactivation, heat shock, and aging. We find evidence for both the 81 
selective translation and the reduced folding load models. Our data reveal that the step inhibited in mRNA 82 
translation dictates which of the two protective mechanisms is activated. Furthermore, we show that the two 83 
mechanisms are complementary in protecting from proteostatic insults suggesting that a cell may activate one 84 
over the other depending on the proteostatic stress. Overall, we provide evidence that elongation inhibitors 85 
ameliorate ongoing toxicity by reducing folding load. In contrast, initiation inhibitors elicit an active mechanism 86 
that prevents damage by remodeling the proteome dependent on HSF-1 and a likely increase in protein turnover 87 
via the proteasome. 88 
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 89 
 90 
Figure 1: Translation inhibitors improve thermotolerance 91 
A) Monitoring changes in protein synthesis using the SUnSET method. C .elegans were treated with solvent (DMSO) or the 92 
indicated inhibitors (100 µM) for 12 hours, followed by a 4-hour puromycin incorporation. Worms were lysed, and protein 93 
extracts were run on SDS-PAGE gels, followed by staining with puromycin antiserum. GAPDH was used as a loading control. 94 
B) Quantification of three independent SUnSET experiments. Significance was determined by one-way ANOVA with Dunnett's 95 
multiple comparisons test where ** = p £ 0.01 Error bars indicate mean ± SD from three independent trials. 96 
C) Day 1 adult wild-type (N2) animals were treated for 4 days, then transferred to NGM plates. Animals were then subjected to 97 
a constant, non-permissive temperature of 36°C and scored alive/dead every hour by movement following a gentle tap. 98 
D) Graph shows survival as a function of hours at 36 °C of day 4 adult wild-type (N2) animals. The animals were pretreated with 99 
either DMSO (solvent control), anisomycin or lycorine. Data are displayed as mean ± SEM from three independent trials and * 100 
= p £ 0.05 and **** = p £ 0.0001 by row–matched two–way ANOVA with Šídák multiple comparisons test. 101 
E) Same as in Figure 1D but showing initiation inhibitors 4E1RCat and salubrinal. Data are displayed as mean ± SEM from three 102 
independent trials and *** = p £ 0.0002 by row–matched two–way ANOVA with Šídák multiple comparisons test. 103 
 104 
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Results 105 
 106 
Translation inhibitors improve thermotolerance 107 
 108 
We first set out to identify suitable pharmacological 109 
initiation and elongation inhibitors by screening a series of 110 
translation inhibitors (Table 1) for their ability to inhibit 111 
protein synthesis in C. elegans (Dmitriev et al., 2020). To 112 
monitor protein synthesis, we employed SUrface SEnsing of 113 
Translation (SUnSET) (Arnold et al., 2014). In this method, 114 
translating ribosomes incorporate puromycin into newly 115 
synthesized proteins. The level of puromycin incorporation 116 
serves as a quantitative measure for translation and is detected by Western Blotting using an anti-puromycin 117 
monoclonal antibody. All six molecules (Table 1) reduced puromycin incorporation relative to DMSO controls to 118 
varying degrees (Figure 1A & B). Based on the similar inhibitory effects, we selected the two initiation 119 
inhibitors—4E1RCat and salubrinal—and the two elongation inhibitors—anisomycin and lycorine—to 120 
investigate how chemically targeting two steps of the translation cycle will affect stress–induced protein 121 
aggregation. 122 
 123 
We chose thermal stress as the first stressor to induce protein aggregation and asked if both initiation and 124 
elongation inhibitors improve stress resistance. The animals were treated with either of the four inhibitors on 125 
day 1 of adulthood, and after 72 hours, treatment moved to a non–permissive temperature of 36 °C (Figure 1C). 126 
Hourly monitoring revealed that all four molecules significantly improved the survival of N2 animals (Figure 1D 127 
& E). These data show that both the inhibition of translation initiation and elongation protect from thermal 128 
stress.  129 
 130 
Initiation and elongation inhibitors protect from thermal stress by HSF-1 dependent and independent 131 
mechanisms, respectively 132 
 133 
We next asked if translation inhibitors require the canonical heat shock response (HSR) controlled by the 134 
transcription factor HSF-1 to protect from thermal stress. Previous work by us and others resulted in 135 
contradictory findings on whether protection from heat by translation inhibition depends on HSF-1 (Seo et al., 136 
2013; Solis et al., 2018; Zhou et al., 2014). Therefore, to test if translation inhibition protects from thermal stress 137 
in an HSF-1 dependent or independent manner, we repeated the thermotolerance assay in HSR–deficient hsf-138 
1(sy441) mutants (Figure 2A). Only the elongation inhibitors anisomycin and lycorine protected hsf-1(sy441) 139 
from HS–induced proteotoxicity (Figure 2B). The initiation inhibitors 4E1RCat and salubrinal did not (Figure 2C). 140 
These results were surprising as they showed that different modes of translational inhibition activate distinct 141 
protective proteostasis mechanisms. However, this also reconciles previous contradictions as different groups 142 
inhibited translations using inhibitors with specificity for either step. 143 
 144 

Table 1: Translation inhibitors and their effects 
Name Inhibits Target 
4E1RCat Initiation eIF4G 
Salubrinal Initiation eIF2⍺ 

Anisomycin 
Peptidyl transferase 
center A-site 

Lycorine 
Peptidyl transferase 
center A-site 

Homoharringtonine Elongation/Initiation A-site 
Amicoumacin C Translocation E-site 
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To confirm the ability of elongation inhibitors to protect from thermal proteotoxicity through improved 145 
proteostasis broadly, we conducted sequential detergent extractions to biochemically isolate and quantify 146 
soluble and insoluble proteins in wild-type (N2) animals (David et al., 2010; Reis-Rodrigues et al., 2012; Simonsen 147 
et al., 2008). Following a 2 hour HS at 36 °C, we observed a substantial increase in insoluble protein compared 148 
to non-heat shocked controls. Furthermore, pre-treatment with the elongation inhibitor anisomycin suppressed 149 
the increase in protein insolubility (Figure 2D and E) consistent with the observed thermal protection. Using the 150 
hsp-16.2::GFP reporter strain, we further confirmed that anisomycin treatment does not activate the HSR, either 151 
alone or in combination with a heat shock (see below, Fig. 4E). These results reveal that translation initiation 152 
inhibitors trigger an HSR dependent mechanism to protect from thermal stress, while translation elongation 153 
inhibitors trigger an HSR independent mechanism. We concluded that different modes of translational inhibition 154 
protect the proteome by genetically distinct mechanisms. 155 
  156 
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 157 

  158 
Figure 2: Initiation but not elongation inhibitors depend on HSF-1 to protect from thermal stress 159 
A) Day 1 adult hsf-1(sy441) animals were treated for 4 days, then transferred to NGM plates. They were then subjected to a 160 
constant, non-permissive temperature of 36°C and scored alive/dead every hour by movement following a gentle tap. 161 
B) Thermotolerance assay: Graph shows survival as a function of hours at 36 °C of day 4 adult hsf-1(sy441) animals pretreated 162 
with either anisomycin or lycorine. Data show the mean ± SEM from three independent trials and * = p £ 0.05 by row–matched 163 
two–way ANOVA with Šídák multiple comparisons test.  164 
C) Same as in Figure 2B but showing initiation inhibitors 4E1RCat and salubrinal. Data are displayed as mean ± SEM from three 165 
independent trials and * = p £ 0.05 by row–matched two–way ANOVA with Šídák multiple comparisons test. 166 
D) Representative SDS-PAGE gel stained with the protein stain Comassie Blue for visualization. Anisomycin (Anis.) reduces the 167 
proportion of detergent-insoluble protein following a 2 hour HS of N2 animals. Proteins were detergent extracted, 168 
ultracentrifuged, and the insoluble pellet was resuspended in 8M urea before running on the gel. 169 
E) Quantification of 4 separate extractions shows anisomycin significantly reduces HS–induced aggregation in wild-type N2 170 
animals. Gels were stain with Sypro Ruby. Data are displayed as mean ± SEM and * = p £ 0.05 by two-tailed students t-test. 171 
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 172 
Figure 3: Elongation inhibitors protect from proteasomal stress independent of hsf-1 173 
A) Experimental strategy for treating animals with translation inhibitors followed by inhibition of the 20S proteasome by 174 
bortezomib. Worms are pretreated for 12 hours with DMSO or indicated inhibitors, followed by bortezomib (75 µM) treatment. 175 
The animals were then incubated with the combined treatment for 8 days and scored as alive/dead based on movement. 176 
B) Elongation inhibitor treatment improved morphological phenotypes (not shown) but did not protect from bortezomib-177 
induced proteotoxicity in N2 animals . Initiation inhibitor treatment enhanced toxicity of proteasomal stress. Data are displayed 178 
as mean ± SD and **** =  p< 0.0001 by one-way ANOVA. 179 
C) In hsf-1(sy441) animals, elongation inhibitors protected from bortezomib-induced proteotoxicity while initiation inhibitors 180 
continue to sensitize worms to the resulting proteotoxicity. Data are displayed as mean ± SD and ** = p<0.01 by one-way 181 
ANOVA. 182 

remix, or adapt this material for any purpose without crediting the original authors. 
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse, 

The copyright holder has placed thisthis version posted January 24, 2022. ; https://doi.org/10.1101/2022.01.23.477418doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.23.477418


 9 

D) Measured length of hsf-1(sy441) worms at day 3 of adulthood. Anisomycin treatment almost completely rescued the sma 183 
phenotype induced by bortezomib. Data are displayed as mean ± SD and **** = p<0.0001 by a two-tailed unpaired t-test. 184 
E) Representative brightfield images of day 3 hsf-1(sy441) animals treated with the indicated compounds as outlined in figure 185 
5A. Anisomycin pre-treatment prevented the sma phenotype observed to be caused by proteasomal inhibition. 186 
F) Measured length of PolyQ worms at day 5 of adulthood. Anisomycin treatment almost entirely rescued the small (sma) 187 
phenotype induced by bortezomib. Data are displayed as mean ± SD and **** = p<0.0001 by a two-tailed unpaired t-test.  188 
G) Representative fluorescent images PolyQ worms at day 5 of adulthood treated with the indicated compounds as outlined in 189 
Figure 5A. Bortezomib treatment caused the worms to contract into a sma and unc phenotype (left panel), and anisomycin pre-190 
treatment prevented these pathological phenotypes (right panel). 191 
 192 
Translational elongation, but not initiation inhibitors protect from proteasome dysfunction 193 
 194 
The data thus far suggests that inhibition of translation protects from thermal stresses by at least two 195 
mechanisms, one that involves HSF-1 and one that does not. We, therefore, investigated whether the protective 196 
mechanisms can be further distinguished by their capacity to protect from different proteostatic insults. One 197 
main proteostasis mechanism by which cells clear protein aggregates is the proteasomal system. The 198 
proteasomal system ubiquitinylates misfolded proteins by ubiquitin ligases to target them for degradation by 199 
the 26S proteasome. Blocking proteasome degradation by bortezomib, a specific inhibitor of the 20S subunit, 200 
results in the formation of protein aggregates and proteotoxic stress (Schrader et al., 2016).  201 
 202 
Proteasomal stress induced by the treatment with bortezomib killed ~40% of the wild-type N2 animals by day 203 
8. Cotreatment of bortezomib with any of the two translation initiation inhibitors enhanced proteasome toxicity 204 
leading to over 80% of the animals dying, while cotreatment with elongation inhibitors improved morphology 205 
but had no effect on survival (Figure 3B). Thus, while initiation inhibitors protect from thermal stress, they 206 
sensitize the animals to proteasomal stress. 207 
  208 
Next, we repeated the bortezomib-induced proteasomal stress survival experiments using strains with reduced 209 
protein folding capacity—either because of a mutation in hsf-1 or because expression of an aggregation-prone 210 
protein (PolyQ35::YFP). Treatment of hsf-1(sy441) mutant animals with bortezomib killed ~60% of the hsf-211 
1(sy441) animals, a substantial increase in toxicity compared to N2. Cotreatment with translation initiation 212 
inhibitors again enhanced proteasome toxicity leading to over 80% of the animals to die. Cotreatment with 213 
elongation inhibitors, however, suppressed bortezomib toxicity and enabled about 70% of the hsf-1(sy441) 214 
animals to survive (Figure 3C). This survival rate was close to what was seen in bortezomib–treated wild-type 215 
animals, suggesting that elongation inhibitors mostly rescue the hsf-1(sy441) proteostasis phenotype. We also 216 
observed bortezomib-treated hsf-1(sy441) animals to shrink in size (sma phenotype) and to become severely 217 
uncoordinated (unc phenotype). Treatment with anisomycin substantially rescued sma and unc phenotypes, 218 
almost completely reversing the animals back to normal size (Figure 3D & F). 219 
 220 
The AM140 strain expresses a stretch of 35 glutamine residues fused to YFP (PolyQ::YFP) in the muscle, which 221 
we used as a second model of reduced protein folding capacity. Expression of the aggregation-prone PolyQ 222 
stretch increases the protein folding load on the proteostasis system. Thus, its aggregation propensity acts as a 223 
sensor for protein folding capacity (Brignull et al., 2006; Moronetti Mazzeo et al., 2012). As expected, treatment 224 
of PolyQ::YFP animals with bortezomib caused extensive protein aggregation, a reduction in body size (sma 225 
phenotype), and an uncoordinated phenotype (unc phenotype). In addition, inhibition of translation initiation 226 
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again exacerbated bortezomib toxicity but was not further quantified. In contrast, inhibition of elongation by 227 
anisomycin almost entirely rescued both the sma and unc phenotypes revealing protection from proteasome 228 
toxicity in the context of reduced folding capacity (Figure 3F &G).  229 
 230 
We concluded that inhibition of translation initiation exacerbates bortezomib-induced proteasome stress, 231 
probably because its downstream protective mechanism heavily depends on proteasomal degradation (see 232 
discussion). We further concluded that elongation inhibition provided only limited direct protection from 233 
proteasomal stress since we did not see an increase in survival in wild-type animals. However, elongation 234 
inhibitors were highly protective from bortezomib toxicity in strains with reduced protein folding capacity, 235 
suggesting that elongation inhibitors protect by reducing the need for protein folding capacity by lowering the 236 
concentration of newly synthesized proteins. 237 
 238 
Translational elongation and initiation inhibitors protect from protein aggregation 239 
 240 
The ability of anisomycin to mitigate bortezomib toxicity in PolyQ::YFP animals suggested that translation 241 
elongation inhibitors free up folding capacity through the reduction of overall protein synthesis. To monitor 242 
folding capacity in live imaging, we developed a live imaging experimental procedure to examine how 243 
translation inhibition will dynamically affect protein aggregation in real-time (Figure 4A). After a 2 hour HS, the 244 
initially diffuse PolyQ signal gradually localized into puncta (Figure 4B, Video 1). Aggregation foci formation 245 
resulted from a redistribution of the YFP signal into aggregation foci as the total level of YFP fluorescent signal 246 
for a given animal remained constant (S1). 247 
 248 
Only elongation inhibitors lycorine and anisomycin significantly reduced HS–induced polyQ aggregation, while 249 
the initiation inhibitors 4E1RCat and salubrinal did not (Figure 4C and S2). Pre-treatment with anisomycin and 250 
lycorine reduced the number of polyQ aggregates per worm. However, pre-treatment did not change the onset 251 
of aggregation, the rate of formation, or the final size of the aggregation foci (Morley et al., 2002) (Figure 4D). 252 
Furthermore, we found the effect of anisomycin or lycorine to be time-dependent. They strongly inhibited 253 
aggregation following a 12 hour preincubation period but less so following a 4-hour preincubation (S3). Starting 254 
treatment with anisomycin after the HS did not reduce the number of aggregation foci (not shown). These 255 
results suggest that anisomycin and lycorine reduce the early formation of aggregate foci but do not alter the 256 
dynamics once aggregation begins. Anisomycin dose-dependently decreased the activation of the HSR, as 257 
measured by the hsp-16.2::GFP reporter strain, confirming again that protection from aggregation is 258 
independent of hsf-1 (Figure 4E, S4). 259 
 260 
 261 
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 262 
 263 
Figure 4: Elongation inhibition protects from heat shock-induced protein  264 
A) Day 1 AM140 adult worms expressing the polyglutamine-YFP fusion protein (PolyQ::YFP) in their muscle were subjected to 265 
HS on NGM plates for 2 hours at 36 °C followed by a 1-2 hour mounting/immobilization procedure in 384 well plates and 266 
subsequent live imaging for 15 hours. 267 
B) Fluorescent time-lapse images of two animals expressing the PolyQ::YFP fusion protein in their muscle. The animals were 268 
embedded in the hydrogel for immobilization. Following a 2-hour HS, animals were imaged over 15 hours; by 8 hours, the YFP 269 
signal began to localize into discrete puncta that persisted through the observation time. Overall fluorescence remained stable 270 
(see S2). 271 
C) Graph shows the mean number of PolyQ aggregates per worm as a function of time following HS. C. elegans (PolyQ::YFP) 272 
were pretreated with lycorine, anisomycin (100 µM), or DMSO. Lines indicate mean, and shading indicates 95% CI. 273 
D) (Top) Representative images of control and 100 µM anisomycin treated PolyQ animals 15 hours after HS (Bottom). The 274 
representative images shown have been uniformly modified using the '3D Surface Plot' plugin in ImageJ to visualize aggregates. 275 
E) Dose-dependent suppression of HS-induced hsp-16.2::GFP reporter activation (Day 1 animals) after 12 hour pretreatment of 276 
anisomycin. 95% CI, as indicated by shading. 277 
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 278 
Figure 5: Reciprocal lifespan extension by translation inhibitors in hsf-1(sy441) animals 279 
A) Mean lifespan as a function of translation inhibitor concentration. A maximum increase in lifespan of N2 animals (dashed 280 
black line) was seen at a 100 µM concentration. The lifespan of hsf-1(sy441) was tested in parallel, where the effects of initiation 281 
versus elongation inhibitors were reversed. Error bars indicate ± SEM. See Supplementary Table 1 for details. 282 
B) Survival curves from representative experiments show the fraction of wild-type (N2, solid line) or hsf-1–deficient (dashed 283 
line) animals when treated with 100 µM of the indicated compound. Black lines indicate DMSO treatment, and colored lines 284 
indicate inhibitor treatment. Data are displayed as a Kaplan-Meier survival curve and significance determined by log-rank test. 285 
C) Experimental strategy for treating animals with inhibitors and isolating detergent-insoluble fractions. First, 10,000 animals 286 
were treated and allowed to age for 8 days before being washed with M9, frozen in N2, and mechanically lysed. Then proteins 287 
were extracted from the total lysate based on solubility, and an aliquot from each fraction was run on an SDS-PAGE gel. 288 
D) Representative SDS-PAGE gel stained with the protein stain Sypro Ruby. 4E1RCat and salubrinal reduce the amount of age-289 
associated protein aggregation. 290 
E) Quantification of 2 separate experiments shows 4E1RCAt and salubrinal to significantly reduce age-associated aggregation in 291 
wild-type (N2) animals. Data are displayed as mean ± SEM and ** = p < 0.01 by two-tailed students t-test. 292 
 293 
  294 
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Lifespan extension by translational elongation and initiation inhibitors is dictated by genetic background 295 
 296 
Lowering translation is an established mechanism to extend lifespan and delay aging (Anisimova et al., 2018; 297 
Klaips et al., 2018; Steffen and Dillin, 2016). Furthermore, aging is a well-known driver of protein aggregation. 298 
However, to our knowledge, it has never been investigated if the anti-aggregation and anti-aging effects of 299 
translational inhibition can be uncoupled and if the mode of translational inhibition influences these 300 
phenotypes. Inhibition of translation in wild-type animals, using the two elongation inhibitors anisomycin and 301 
lycorine, showed no, or only a minor lifespan extension in N2 animals (Fig 5A). In contrast, inhibition of 302 
translation by the initiation inhibitors 4E1RCat and salubrinal dose-dependently extended lifespan (Fig. 5B). This 303 
difference was observed despite that all four translation inhibitors reduced protein translation to the same 304 
extent (Fig. 1A). Thus, the difference in the effect on lifespan by elongation inhibitors and initiation inhibitors 305 
cannot be explained by reducing overall protein synthesis alone. 306 
 307 
As the ability of the initiation inhibitors 4E1RCat and salubrinal to protect from heat stress was dependent on 308 
the transcription factor HSF-1, we asked if they were able to extend the lifespan of hsf-1(sy441) mutants. Both 309 
4E1RCat and salubrinal failed to significantly extend lifespan in hsf-1(sy441) mutants. This result is consistent 310 
with the model put forward by Rodgers et al., which proposes that inhibition of translation initiation extends 311 
lifespan by lowering overall translation while selectively promoting the translation of cap-independent 312 
transcripts, many of which are transcribed by HSF-1.  313 
 314 
However, to our surprise, treatment with the elongation inhibitors anisomycin and lycorine extended the 315 
lifespan of hsf-1(sy441) mutants by ~20% (Fig. 5B). We interpret this lifespan extension as a partial rescue of the 316 
protein folding defect in hsf-1(sy441) mutants as the increase in lifespan did not reach the lifespan of wild-type 317 
animals. Taken together, however, our data demonstrate that longevity induced by translation inhibition 318 
subsumes several different mechanisms that lead to longevity. 319 
 320 
We next tested the ability of all four inhibitors to reduce age-associated protein aggregation. If inhibition of 321 
translation alone is sufficient to reduce protein aggregation independently of any downstream mechanisms, all 322 
four inhibitors should reduce age-associated protein aggregation. Conversely, if the reduction of age-associated 323 
protein aggregation is closely linked to longevity, then only the initiation inhibitors should reduce protein 324 
aggregation. We treated day 1, N2 animals with 100 µM of each of the four inhibitors and allowed the animals 325 
to age for eight days, after which we separated proteins based on solubility (Figure 5C). We found that only the 326 
two initiation inhibitors that extended lifespan caused significant decreases in the amount of SDS–insoluble 327 
aggregates and that the elongation inhibitors failed to do so (Figure 5D & E).  328 
 329 
Taken together, these data support a model in which inhibition of translation elongation rescues proteostasis–330 
compromised animals by reducing folding load but without generating additional protein folding capacity. 331 
Separately, inhibition of translation initiation protects and improves longevity through selective translation that 332 
activates an HSF-1 dependent mechanism. However, inhibition of translation initiation does not rescue or even 333 
can further exacerbate damage in animals with preexisting proteostasis imbalance. 334 
 335 
 336 
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 337 
Figure 6: Consequences of proteotoxicity on aggregation at the ribosomal interface 338 
Initiation inhibitors, salubrinal, and 4E1RCat require hsf-1 to elicit a protective response following proteotoxic stress, functioning 339 
similar, if not overlapping with, canonical stress responses. Conversely, elongation inhibitors, anisomycin, and lycorine do not 340 
boost protection in healthy wild–type animals but rescue proteotoxicity in animals with preexisting proteostasis deficits such as 341 
hsf-1 mutants or animals expression misfolded proteins. 342 
 343 
Discussion 344 
 345 
In this study, we set out to answer how translation inhibition exerts its beneficial effects on proteostasis and 346 
longevity in the metazoan C. elegans. We considered two previously proposed models (Medicherla and 347 
Goldberg, 2008; Rogers et al., 2011; Seo et al., 2013; Zhou et al., 2014). The selective translation model proposes 348 
that inhibition of translation improves proteostasis by an active mechanism remodeling the proteome through 349 
differential translation. In the selective translation model, the system increases folding capacity through the 350 
increased translation of HSF-1 targets and by proteasomal degradation of preexisting proteins. The second 351 
model, the reduced folding load model, proposes that inhibition of translation improves proteostasis by lowering 352 
the concentration of newly synthesized proteins, thereby increasing relative folding capacity via a reduced 353 
folding load on the proteostasis machinery.  354 
 355 
Our data establish evidence for both models. We show that the mode of translation inhibition determines the 356 
mechanism of proteome protection. Translation initiation inhibitors initiate a selective translation mechanism 357 
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that requires HSF-1 and the proteasome (Howard et al., 2016; Rogers et al., 2011; Seo et al., 2013). In contrast, 358 
elongation inhibitors reduce folding load and do not require HSF-1 or the proteasome. Elongation inhibitors 359 
rescue deficiencies induced by the lack of these components. What was particularly striking to us was how 360 
cleanly different modes of translational inhibition could be separated based on the stressor. The most general 361 
conclusion that we draw from our study is that inhibition of translation can trigger genetically and biochemically 362 
distinct, HSF-1 dependent and independent proteostasis mechanisms. 363 
 364 
Translation can be separated into the three major steps, initiation, elongation, and termination, each of which 365 
can be further subdivided into several minor steps. Translation is further regulated by signaling factors and 366 
ribosome assembly rates, which are also subject to proteostatic intervention. Our data show that the phenotypic 367 
consequences of lowering translation depend on the environmental context and the inhibited step of 368 
translation. It remains to be seen if modulation of additional steps, such as termination, triggers additional 369 
genetically distinct proteostasis mechanisms. 370 
 371 
Inhibiting either initiation or elongation protects from the damaging effects of heat shock. Otherwise, the two 372 
protective mechanisms are complimentary, with one being protective while the other is not. Overall, our data 373 
suggest that initiation inhibitors remodel the proteome in an HSF-1 and proteasome-dependent manner, as 374 
previously suggested. In contrast, elongation inhibitors act independently of both HSF-1 and the proteasome, 375 
thereby rescuing the phenotypic consequences of their inactivation. The most striking example of this 376 
dichotomy was seen when preexisting folding problems—caused by the lack of either HSF-1 or the expression 377 
of the aggregation-prone polyQ protein—were exacerbated by the chemical inhibition of the proteasome. These 378 
combined insults led to increased protein aggregation, uncoordination, shrinking body size, and death of the 379 
animals. Inhibition of elongation almost entirely rescued these phenotypes. In sharp contrast, inhibition of 380 
initiation made the animals significantly worse and increased death. Our data reveal that the mode by which 381 
translation is inhibited leads to the activation of distinct downstream mechanisms that protect the organism 382 
from different insults.  383 
 384 
A second striking example observed was the ability of initiation inhibitors to extend lifespan while the elongation 385 
inhibitors did not. A long-standing question in the field of longevity is if lowering protein synthesis by inhibiting 386 
translation is sufficient to extend lifespan. Alternative explanations for the observed longevity include lowering 387 
the expression of specific proteins (e.g., DAF-2) or the activation of a specific downstream mechanism that is 388 
activated by low translation rates (Howard et al., 2016). Our data suggest some proteome remodeling may be 389 
necessary to extend lifespan (Koyuncu et al., 2021). 390 
 391 
The lack of longevity from anisomycin and lycorine treatment in our experiments is unlikely to be the result of 392 
toxicity due to an off-target effect. First, lycorine and anisomycin are structurally very distinct and are unlikely 393 
to share off-targets. Second, and more importantly, both extend the lifespan of hsf-1(sy441) mutants, which 394 
strongly argues against a toxic side effect. In general, we observed that elongation inhibitors are good at 395 
rescuing defects in strains with impaired proteostasis. In strains with impaired proteostasis, inhibition of 396 
elongation lowers the production of newly synthesized proteins and thus reduces the folding load on the 397 
proteostasis machinery. This effect alleviates folding problems and thus allows the elongation inhibitors to 398 
rescue the shortened lifespan of proteostasis–deficient strains.  399 
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 400 
Ideas and Speculation 401 
 402 
The ability of elongation inhibitors to improve proteostasis in strains with preexisting folding defects on the 403 
organismal level raises the interesting question of whether they could be developed therapeutically. It has often 404 
been suggested that the protein degradation machinery such as autophagy or the proteasome is overloaded in 405 
protein folding diseases. If the C. elegans results translate to mammals, treating a mouse model of a protein-406 
folding disease with an initiation inhibitor would be detrimental. In contrast, treatment with an elongation 407 
inhibitor would be beneficial. Furthermore, these C. elegans findings may explain some surprising previous 408 
observations. For example, treating the SOD1 G93A mouse model of amyotrophic lateral sclerosis (ALS) with 409 
rapamycin, a drug modulating translational initiation through the phosphorylation of 4E-BP1 exacerbates ALS 410 
disease phenotypes (Zhang et al., 2011). If the logic we uncovered for C. elegans applies to the SOD1 G93A 411 
model, an elongation inhibitor given at an intermediate concentration to lower protein synthesis by ~30% 412 
should rescue some of the disease phenotypes. 413 
 414 
Proposing translation inhibitors as potential therapeutics first seems counterintuitive and dangerous. However, 415 
besides rapamycin, emetine and homoharringtonine are two additional FDA–approved elongation inhibitors. 416 
Emetine is a eukaryote–specific translation inhibitor with a long history of being used in humans, but its nausea-417 
inducing properties make chronic use unsustainable. Homoharringtonine is an elongation inhibitor that only 418 
binds vacant ribosomes that can no longer access its binding site once translation has commenced. Essentially 419 
it functions as an initiation inhibitor that binds within the ribosomal peptidyl transferase center (Dmitriev et al., 420 
2020). Finally, the tetracyclines, minocycline, and doxycycline, also act as translation inhibitors for both 421 
mitochondrial translation and cytoplasmic translation (Molenaars et al., 2020; Mortison et al., 2018; Solis et al., 422 
2018). These examples show that, as long as cytoplasmic translation is reduced rather than wholly blocked,  423 
translation inhibitors are tolerable in humans. Thus, translation inhibitors may be suitable for therapeutic 424 
development, provided the mode of translational inhibition matches the underlying challenges to proteostasis 425 
caused by the disease. 426 
 427 
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 428 
Supplemental Figure:  429 
S1) Total fluorescent YFP intensity in PolyQ transgenic animals does not change significantly within the 15 hours imaging of the 430 
animals after the HS, showing that the aggregate formation is a redistribution of soluble PolyQ::YFP into aggregation foci. Lines 431 
indicate mean, and shading indicates 95% CI. 432 
S2) Transgenic AM140 worms treated with indicated chemicals for 12 hours at the late L4 stage, then subjected to 36 °C for 2 433 
hours on day 1 of adulthood. Only anisomycin and lycorine had suppressed aggregate formation as measured in our live imaging 434 
protocol. Lines indicate mean, and shading indicates 95% CI for DMSO, anisomycin, and lycorine. 435 
S3) 12-hour pre-treatment of anisomycin in PolyQ C. elegans was necessary to inhibit aggregation significantly. Lines indicate 436 
means, while DMSO and 12-hour treatment with anisomycin (100 µM) include 95% CI as indicated by shading.  437 
S4) Elongation inhibitors suppressed the HSR as measured by hsp-16.2::GFP fluorescence assay. After incubation with the 438 
inhibitors for 4 days followed by a 1 hour HS at 36 °C, little to no increase in GFP expression was observed, indicating that all 439 
inhibitors block HSR activation at the tested concentration (100 µM). Lines indicate mean, and shading indicates 95% CI. 440 
S5) Chemical structures of anisomycin, lycorine, 4E1RCat, and salubrinal. 441 
 442 
 443 
 444 
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 445 

 446 
Supplemental Table 1:  447 
Representative dose-response curves of DMSO, anisomycin, lycorine, 4E1RCat, and salubrinal in 96-well plate lifespan assays, 448 
repeated in two complete individual replicates. For N2, only 4ER1RCat and salubrinal robustly increase lifespan (blue), while 449 
anisomycin and lycorine either are not effective or slightly toxic (red). For hsf-1(sy441), only anisomycin and lycorine robustly 450 
increase lifespan (blue), while 4E1RCat and salubrinal either are not effective or slightly toxic (red).  451 
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Experimental Model and Subject Details 467 

C. elegans Strains 468 

The Bristol strain (N2) was used as the wild-type strain. The following worm strains used in this study were 469 
obtained from the Caenorhabditis Genetics Center (CGC; Minneapolis, MN): CL2070 [dvIs70 [hsp-16.2p::GFP + 470 
rol-6(su1006)]], AM140 [rmIs132[Punc-54::q35::yfp]] and PS3551 [hsf-1(sy441)].  471 

Method Details 472 

Worm Maintenance 473 

1000 – 2000 age-synchronized animals were plated into 6 cm culture plates with liquid medium (S-complete 474 
medium with 50 mg/mL carbenicillin and 0.1 mg/mL fungizone (Amphotericin B)) containing 6 mg/mL X-ray 475 
irradiated Escherichia coli OP50 (1.5 x 108 colony-forming units [cfu]/ml, carbenicillin–resistant to exclude 476 
growth of other bacteria), freshly prepared 4 days in advance, as previously described (Solis and Petrascheck, 477 
2011), and were maintained at 20 °C. The final volume in each plate was 7 mL. To prevent self-fertilization, FUDR 478 
(5-fluoro-2’-deoxyuridine, 0.12 mM final) (Sigma- Aldrich, cat # 856657) was added 42—45 hours after seeding. 479 
At the late L4 stage, either DMSO/drug treatment (100µM unless otherwise stated) was added to each strain. 480 

Surface sensing of translation (SUnSET) to analyze the effectiveness of translation inhibitors in C. elegans 481 

Day 1 adult N2 worms were bleached, and eggs were allowed to hatch in S-complete by shaking them overnight. 482 
On the next day, 12,000 L1 worms were seeded in a 15 cm plate containing a total volume of 30 mL S-complete 483 
with 6 mg/mL OP50 bacteria, 50 μg/mL Carbenicillin, and 0.1 μg/mL Amphotericin B. 6mL of 0.6 mM 484 
Fluorodeoxyuridine (FUDR) were added to worms at L4 stage in each plate. 100 µM translation inhibitor was 485 
added to worms 2 hours after adding FUDR. After 12 hours, worms were transferred into a 15mL corning tube 486 
containing a total volume of 5 mL S-complete with 750 ul 6 mg/mL OP50 bacteria, 0.5 mg/mL puromycin, and 487 
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100 µM translation inhibitors. After rotating the corning tubes for 4h, worms were collected into 2 mL cryotubes 488 
by washing them with M9 once and with cold PBS 3 times. Worms were flash-frozen in liquid nitrogen and 489 
subsequently broken with a beak mill homogenizer (Fisherbrand). Protein concentrations were determined by 490 
the Bradford protein assay. 50 mg protein from each sample was loaded for western blot analysis using 491 
antibodies against puromycin (Millipore, MABE343) and GAPDH (Proteintech, 10494-1-AP). Antibodies were 492 
diluted 1:5,000 in 5% non-fat milk in TBST. 493 

Thermotolerance  494 

Age-synchronized N2 or PS3551 [hsf-1(sy441)] animals were prepared as above in 6 cm culture plates and 495 
treated with water or 100 mM lycorine/anisomycin on day 1. On day 4, 25 – 35 animals were transferred to 6 496 
cm NGM plates in triplicate for each condition and were transferred to the non–permissive temperature of 36 497 
°C. Every hour, survival was scored by lightly touching animals with a worm pick and scoring for movement. 498 

C. elegans insoluble protein extraction 499 

10,000 N2 worms were sorted into a 15cm liquid culture dish using the COPAS Biosorter. For heat shock-induced 500 
aggregation experiments, worms were treated with either DMSO or anisomycin (100 µM) for 12 hours on Day 501 
1 of adulthood, then subjected to a 2-hour heat shock at 36 °C. After 12 hours of recovery, the animals were 502 
washed 3 times with S-complete buffer, once with PBS, and then flash-frozen in liquid nitrogen. 500uL of cold 503 
lysis buffer (20mM Tris base, 100mM NaCl, 1mM MgCl2, pH = 7.4, with protease inhibitors (Roche, 504 
11836153001) was added, and animals homogenized mechanically. An aliquot of this total lysate was saved. In 505 
an ultracentrifuge tube, 2 volumes of SDS Extraction buffer (20mM Tris base, 100mM NaCl, 1mM MgCl2, pH = 506 
7.4, with protease inhibitors, and 1% SDS) was added to 1 volume of total lysate and was centrifuged at 20,000 507 
x g for 30 minutes. The extraction was repeated 2 times to remove all SDS soluble proteins. The remaining 508 
insoluble pellet was suspended in 20uL urea buffer (8M urea, 50mM DTT, 2% SDS, 20mM Tris base, pH = 7.4) 509 
and sonicated briefly. 18uL of the insoluble suspension was added to 6uL 4x Laemmli buffer (Biorad, #161-0747) 510 
supplemented with 10% 2-mercaptoethanol (Sigma, 60-24-2) and boiled for 5 minutes, then directly loaded 511 
onto SDS-Page gel (Biorad, 4569033). Gels were stained with Sypro Ruby according to the manufactures 512 
directions and quantified in ImageJ. 513 

For age-associated protein aggregation experiments, the above was repeated with the following changes: Day 514 
1 worms were treated with 100 µM of each compound and allowed to age in liquid culture until Day 8 of 515 
adulthood. Following lysis, worms were washed several times with PBS to remove soluble protein. 516 

Proteasome dysfunction assay—Survival 517 

Animals were prepared as above in 96 well plates. At the late L4 stage, animals were pretreated with DMSO or 518 
100 µM anisomycin. After 12 hours, the animals were treated with 75 µM bortezomib. On day 8 of adulthood, 519 
the percent of animals alive was determined by movement in liquid culture. 520 

Proteasome dysfunction assay—Worm Length 521 

Animals were prepared as above in 6cm liquid culture dishes. At the late L4 stage, animals were pretreated with 522 
DMSO or 100 µM anisomycin. After 12 hours, the animals were treated with 75 µM bortezomib. Body length 523 
was measured on day 3 for hsf-1(sy441) or day 5 for PolyQ using the 10x objective with the ImageXpress Micro 524 
XL and Metaexpress microscopy software. 525 
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Heat Shock Induced Aggregation and Stress Response 526 

CL2070 [dvIs70 [hsp-16.2p::GFP + rol-6(su1006)]] or AM140 [rmIs132[Punc-54::q35::yfp]] age–synchronized 527 
animals were treated with DMSO or 100 µM drug at late L4. 4–12 hours later, on day 1 of adulthood, 1.5 mL of 528 
the treated animals were transferred from liquid culture into an Eppendorf tube, washed twice with S-complete, 529 
pelleted, then transferred to 6 cm NGM plates using S-complete. Once the animals were completely dry on the 530 
NGM plate, they were transferred to a 36 °C incubator, plates upside down, for 1–2 hours. 531 

Hydrogel Mounting 532 

Animals were washed from NGM plates using 0.2% HHPPA (2-hydroxy-4'-(2-hydroxyethoxy)-2-533 
methylpropiophenone) (CAS[106797-53-9]) dissolved in S-complete, into a 2 mL Eppendorf tube. Animals were 534 
washed twice with 0.2% HHPPA, then suspended in 0.3 mL 0.2% HHPPA. 2.5 uL of this solution was seeded into 535 
a single well of a 384–well plate containing 2.5 uL 30% PEG-DA (polyethylene glycol diacrylate, MW=4000, 536 
Polysciences, cat # 15246-1) in S-complete. After 5 minutes to allow the solutions to diffuse together, the 537 
animals were immobilized by subjecting the 384–well plate UV light using a routine laboratory gel viewer (UVP 538 
Dual-Intensity Ultraviolet Transilluminator, high intensity) for 30 seconds. 45 uL S-complete buffer was added 539 
on top to prevent desiccation. In general, each well contained 5–10 worms.  540 

Imaging and Analysis 541 

Time-lapse brightfield and fluorescence images were taken with a 10x objective using the ImageXpress Micro 542 
XL over 15 hours. The number of PolyQ aggregates, or total YFP fluorescence, in the whole worm was 543 
determined by analyzing images using a custom pipeline created in CellProfiler. 544 

Lifespan Assay 545 

Age–synchronized C. elegans were prepared in liquid medium, as described above, and seeded into flat-bottom, 546 
optically clear 96–well plates (Corning, 351172) containing 150uL total volume per well, as previously described 547 
(Clay and Petrascheck, 2020). Plates contained ~10 animals per well in 6 mg/mL g–irradiated OP50. Age–548 
synchronized animals were seeded as L1 larvae and grown at 20 °C. Plates were covered with sealers to prevent 549 
evaporation. To prevent self-fertilization, FUDR (0.12mM final) was added 42—45 hours after seeding. Drugs 550 
were added on day 1 of adulthood. When used, DMSO was kept to a final concentration of 0.33% v/v.  551 

Quantification and Statistical Analysis 552 

Aggregation and Induction of the HSR 553 

The number of n represents the total number of animals over three individual experiments. For the paired–554 
time-lapse data generated, we chose to depict the 95% confidence interval, which was calculated using 555 
Graphpad Prism, to show differences in treatment.  556 

Percent Survival — Thermotolerance assay 557 

The number of n represents the total number of animals over the 3 individual replicates shown as the average 558 
percentage survival and SEM, calculated using Graphpad Prism. Significance was determined by using a row–559 
matched two–way ANOVA with Šídák multiple comparisons test. 560 
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Worm Length — Proteasome dysfunction assay 561 

The number of n represents the total number of animals whose length was measured in one experiment. 562 
Depicted are the mean and standard deviation calculated using Graphpad Prism. Significance was determined 563 
by the two-tail unpaired t-test. Similar results were observed across 3 independent experiments. 564 

Lifespan Assay 565 

Survival was scored manually by visually monitoring worm movement using an inverted microscope 3 times per 566 
week. Statistical analysis was performed using the Mantel–Haenzel version of the log-rank test as outlined in 567 
Petrascheck and Miller (Petrascheck and Miller, 2017). 568 

Data and Code Availability 569 

The software used in this study (Cell Profiler) is available at cellprofiler.org 570 
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