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Abstract

The conserved Argonaute-family members ALG-1 and ALG-2 are known to regulate processing and maturation of
microRNAs to target mRNAs for degradation or translational inhibition (Bouasker and Simard 2012; Meister 2013).
Consequently, depletion of alg-1 and alg-2 results in multiple phenotypes. Our data describe a role of microRNA-regulation in
stress resistance and proteostasis with special emphasis on ubiquitin-dependent degradation pathways, such as ubiquitin fusion
degradation (UFD) and endoplasmic reticulum (ER)-associated protein degradation (ERAD).
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Figure 1. ALG-1 and ALG-2 Are Linked to Stress Resistance and Proteostasis: (A) Schematic overview on the
microRNA pathway in C. elegans. (B), (C) The Argonaute-family members ALG-1 and ALG-2 are required for resistance
against oxidative (B) and heat stress (C) compared to wild-type (WT) worms. Data show mean values + SEM obtained from
n = 3 independent experiments using 100-250 worms for paraquat and 50-100 worms for heat stress treatment; *p < 0.05,
*¥*p < 0.001; one-way ANOVA with post-hoc test. (D) alg-1(gk214) and alg-2(ok304) deletion mutants exhibit short
lifespans. Data obtained from n = 2 independent experiments; median lifespan (mean values + SEM): WT (18.5 + 0.5 days),
alg-1(gk214) (9 * 0.0 days), alg-2(0k304) (15 + 0.0 days). Significance was determined using the Log-rank (Mantel-Cox) test;
< 0.0001. (E) The ubiquitin fusion degradation (UFD) model substrate monitors ubiquitin-dependent degradation. (F, G)
RNAi-mediated depletion of alg-1 and alg-2 (F) and the alg-1(gk214) and alg-2(ok304) deletion alleles (G) exhibit UFD
substrate stabilization. Representative western blots of worm lysates with indicated RNAi and genotypes detecting the UFD
substrate (UbV-GFP) and tubulin (TUB). (H) The CPL-1*-YFP model substrate monitors ER-associated protein degradation
(ERAD). (I, J) RNAi-mediated depletion of alg-2 (I) and the alg-2(0k304) deletion allele (J) exhibit increased ERAD
substrate level. Representative western blots of worm lysates with indicated RNAi and genotypes showing CPL-1*-YFP and
tubulin (TUB) level.

Description

A fundamental challenge during the life of an organism is to maintain a functional proteome that can adapt to physiological
and environmental stresses. Diverse pathways, collectively termed the protein homeostasis (proteostasis) network (PN),
provide protein quality control (Roth and Balch 2011; Morimoto and Cuervo 2014). The PN is highly dynamic and
continuously adjusted to changing physiological demands. Proteostasis decline results in increased susceptibility to
environmental stress and shortened lifespan (Heider et al. 2007; Labbadia and Morimoto 2015). Rapid activation of specific
stress response pathways, including the heat shock response (HSR), the unfolded protein response in the endoplasmic

reticulum (ER) (UPRER) and in mitochondria (UPR™!), and the oxidative stress response prevent cellular damage or
accumulation of misfolded proteins (Labbadia and Morimoto 2015). However, physiological and environmental changes
challenge these stress response mechanisms and trigger increased degradation of damaged proteins. Maintaining the PN
depends on changes in gene expression to regulate the protein folding and degradation capacities of the organism. The class of
short non-conding microRNAs can bind with partial complementarity to target mRNAs facilitating either mRNA degradation
or translational decay (Filipowicz et al. 2008). Previous findings showed that microRNAs and the RNAi machinery regulate
diverse mechanisms important for development, aging, and stress signaling as well as the development of neurological
disorders like myotonic dystrophy type 1 (Alvarez-Garcia and Miska 2005; Smith-Vikos and Slack 2012; Qawasmi et al.
2019). We described a role for microRNAs in environmental perception and organismal adaption and identified mir-71 as a
key player in translating sensory inputs from olfactory food cues to the PN in the nematode Caenorhabditis elegans (Finger et
al. 2019). However, the general role of microRNA processing in proteostasis regulation remains unclear.

We studied whether microRNA regulation impacts on proteostasis and stress resistance. We tested whether Argonaute
proteins, which are required for microRNA-dependent silencing, are linked to proteostasis in C. elegans (Figure 1A) (Tops et
al. 2006). We characterized the loss-of-function mutants alg-1(gk214) and alg-2(ok304), which lack the two Argonaute-family
members important for microRNA function, by using different proteotoxic stress assays (Grishok et al. 2001). Although
ALG-1 and ALG-2 are equally important for processing of most microRNAs, they comprise certain spatiotemporal differences
(Tops et al. 2006; Vasquez-Rifo et al. 2012). Double mutants of alg-1 and alg-2 are lethal and were therefore not included
here. Both alg-1(gk214) and alg-2(ok304) mutants showed increased sensitivity towards oxidative stress or heat shock
conditions, similar to worms deficient for the transcription factors SKN-1 or HSF-1, which mediate the respective stress
response pathways (Figures 1B and 1C) (Hsu 2003; Kahn et al. 2008; Park et al. 2009). Interestingly, alg-1 mutants seem to be
slightly more sensitive than alg-2 mutants. Thus, inhibition of microRNA biogenesis and target recognition resulted in
increased proteotoxic stress sensitivity, indicating that the respective stress pathways are intimately controlled and maintained
by microRNAs. We performed lifespan experiments and detected a reduced lifespan phenotype of alg-1(gk214) and
alg-2(0k304) worms whereby the alg-1 mutants showed a more severe reduction compared to alg-2 (Figure 1D). This is in line
with previous findings (Alcedo and Kenyon 2004; Samuelson et al. 2007; Ben-Zvi et al. 2009; Douglas and Dillin 2010; Kato
et al. 2011), however, contradicts alg-2(ok304)-related lifespan results of the Pasquinelli lab (Aalto et al. 2018). Our data
support the idea that loss of microRNA biogenesis in adult worms limits stress resistance and reduces lifespan (Lehrbach et al.
2012), indicating that microRNA processing and maturation are important for organismal health.

The maintenance of a balanced proteome is supported by ubiquitin-dependent degradation of damaged proteins. We thus used
established in vivo degradation assays to directly test the involvement of ALG-1/2 in the turnover of an engineered
fluorescently labeled model substrates in C. elegans (Segref et al. 2011, 2014; Denzel et al. 2014). The UbV-GFP protein is a
short-lived ubiquitin fusion degradation (UFD) substrate, which is expressed under control of the ubiquitous sur-5 promoter. In
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wild-type worms, poly-ubiquitylation of the N-terminal ubiquitin moiety triggers degradation of the UFD substrate by the 26S
proteasome. Impairment of ubiquitylation or proteasomal turnover result in substrate stabilization, reflected by green
fluorescence of the transgenic worms (Figure 1E) (Segref et al. 2011). Strikingly, both alg-1 and alg-2 deletion mutants
affected UFD substrate degradation, similar to alg-1 and alg-2 depletion mediated by RNA interference (RNAi) (Figures 1F
and 1G). Ablation of the E3 ligase HECD-1, which catalyzes poly-ubiquitylation of the UFD substrate, served as a control
exhibiting increased UbV-GFP level. RNAI against gfp was used as an additional control to ensure RNAI efficiency. To study
whether the defects in UFD turnover reflect a general decline in ubiquitin/proteasome-system (UPS) activity, we also
monitored endoplasmic reticulum (ER)-associated protein degradation (ERAD). We followed the turnover of an unstable form
of the cathepsin L-like cysteine protease CPL-1 (CPL-1*-YFP), exclusively expressed in intestinal cells by the nhx-2 promoter
(Denzel et al. 2014) (Figure 1H). Under standard conditions, CPL-1*-YFP is retro-translocated out of the ER lumen for
proteasomal degradation in the cytosol, while loss of the substrate recruiting factor HRD3 homolog SEL-1 affects ERAD and
leads to substrate stabilization (Figure 1I) (Ruggiano et al. 2014). Similar to defects in UFD substrate turnover, CPL-1*-YFP
levels were also increased in the alg-2 deletion mutant or upon RNAi depletion (Figures 11 and 1J). In conclusion, our results
strongly suggest an intricate link between microRNA processing and ubiquitin-dependent regulation of proteostasis. On this
basis, further experiments are warranted to uncover the full range of physiological consequences and mechanistical details.

Methods

Request a detailed protocol

C. elegans Maintenance

Nematodes were grown at 20°C (unless stated otherwise) on nematode growth medium (NGM). NGM plates were seeded with
the E. coli strain OP50 as a food source according to standard procedures and methods (Brenner 1974; Stiernagle 2006). The
N2 Bristol strain served as wild-type.

Lifespan and Survival Assays

For lifespan assays 100 age-synchronized L4 larvae per strain were placed to fresh NGM agar plates. Day O of the lifespan
experiment refers to the first day after reaching adulthood. During the first seven days, animals were transferred on new plates
every day to separate from Fls and prevent starvation. After entering the post-reproductive phase, worms were only
transferred when necessary. Survival was examined daily by checking avoidance behavior in response to mechanical stimuli or
pharyngeal pumping. Experiments were performed in two biological replicates at 20°C. To induce oxidative stress, L4 larvae
were incubated in 200 mM paraquat in M9 buffer and survival rates were determined 24 h later, using 100-250 worms in three
independent experiments. Heat stress was induced by incubation of age-synchronized L4 larvae at 32.5°C for 15 h. Survival of
animals was analyzed in three biological replicates using 50-100 worms each.

RNA Interference (RNAI)

RNAI via the feeding method established for C. elegans was performed as described earlier (Timmons and Fire 1998; Kamath
et al. 2001). Age-synchronized worms were transferred to RNAi plates seeded with E. coli HT115 bacteria expressing the
respective double-stranded RNA (dsRNA). RNAi clones were either taken from the RNAi Collection (Ahringer) (alg-1, alg-2,
and hecd-1) or the ORF-RNAIi Resource (Vidal) (sel-1) (Rual et al. 2004) (Source BioScience). As control condition, bacteria
transformed with the empty pPD129.36 vector were used for feeding.

Western Blotting

For whole worm lysates, 100 animals were collected in 80 pl 1x SDS loading buffer. Following, samples were boiled at 95°C
for 5 min, sonicated (30 sec at 60% amplitude) and again boiled at 95°C for 5 min. Next, samples were centrifugated at 15,000
rpm for 5 min. For western blotting, protein lysates were resolved by SDS-PAGE using NuPAGE® 4-12% Bis-Tris SDS-gels
with the NuPAGE® MES SDS running buffer (ThermoFischer Scientific; settings according to manufacturer’s instructions).
Protein transfer was achieved with a semi-dry blotting system (Bio-Rad, Trans-Blot Turbo) with NuPAGE® transfer buffer.
Antibodies were diluted in 1x Roti®-Block (Carl Roth). Visualization of fluorescent signals was achieved using the Odyssey
scanner (LI-COR) and the Image Studio Lite v4.0 software. All western blots were repeated in n = 3 independent experiments.


https://en.bio-protocol.org/cjrap.aspx?eid=10.17912/micropub.biology.000457
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List of C. elegans strains:

Strain |Referred to as Genotype Available from
CGC

N2 T Bristol (N2

W ristol (N2) Wormbase ID: N2

CGC

RF54 |alg-1(gk214) alg-1(gk214)X Wormbase ID:
WBVar00145621
CGC

WMb53 |alg-2(ok304) alg-2(ok304)I1 Wormbase ID:
WBVar00091602
CGC

PS355 | hsf-1(sy441) hsf-1(sy441)I Wormbase ID:
WBVar00248994
Hoppe Lab

PP563 |UbV-GFP unc-119(ed4)III; hhis64[unc-119(+); Psur-5::UbV-GFP]III

Segref et al., 2011

hhIs113[Pnhx-2::cpl-1W32AW35A. .y fy.

hecd-1(tm2371);

PP952 UbV-GFP

hhls64[unc-119(+); Psur-5::UbV-GFP]III; hecd-1(tm2371)

PP1386|CPL-1*-YFP Hoppe Lab
Pmyo-2::mCherry]I
PP2396 alg-1(gk214); thsllS[Pnhx—2::cpl—1W32AW35A::yfp;Pmyo—2::mCherry]I; Hoppe Lab
CPL-1*-YFP alg-1(gk214)X
PP2067 ‘I’Jlgi(c‘;’é‘gpa") ; hhis64[unc-119(+); Psur-5::UbV-GFP]III;alg-2(k304)IT  |Hoppe Lab
PP2395 ?Jlg{/l_ (gf;@ ’ hhls64[unc-119(+); Psur-5::UbV-GFP]III; alg-1(gk214)X Hoppe Lab
PP1634 alg-2(ok304); thsllS[Pnhx—2::cpl—1W32AW35A::yfp; Pmyo-2::mCherry]I; Hoppe Lab
CPL-1*-YFP alg-2(ok304)IT
sel-1(e1948); hhIs111[Pnhx-2::cpl-1W32AW35A. . gt 111; sqt-3(sc8) sel-
PP1536 CPL-1*-YEP 1(e1948)V Hoppe Lab
Hoppe Lab;

Segref et al. , 2011

List of antibodies and chemicals:

Antibody

Source

Identifier

Mouse Monoclonal anti-alpha Tubulin (Clone B-5-1-2)

Sigma-Aldrich

Cat# T6074
RRID:AB_477582

Living Colors® A.v. Monoclonal Antibody (JL-8) (Mouse anti-GFP)

Clontech

Cat# 632380
RRID:AB_10013427
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Cat# 926-32212
Donk i- IRD LI-COR
onkey anti-mouse ye® 800CW CO RRID:AB._ 621847
Chemical Source Identifier
Paraquat dichloride hydrate Sigma-Aldrich | Cat# 36541

Acknowledgments: We thank the Caenorhabditis Genetics Center (funded by NIH Office of Research Infrastructure Programs
(P40 OD010440)), the ORFM knockout consortium, the Dana-Farber Cancer Institute, Addgene, Clontech, and Geneservice
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References

Aalto AP, Nicastro IA, Broughton JP, Chipman LB, Schreiner WP, Chen JS, Pasquinelli AE. 2018. Opposing roles of
microRNA  Argonautes  during  Caenorhabditis  elegans  aging. =~ PLoS  Genet 14: e1007379. DOI:
https://doi.org/10.1371/journal.pgen.1007379 | PMID: 29927939.

Alvarez-Garcia I, Miska EA. 2005. MicroRNA functions in animal development and human disease. Development 132: 4653-
62. DOL: https://doi.org/10.1242/dev.02073 | PMID: 16224045.

Ben-Zvi A, Miller EA, Morimoto RI. 2009. Collapse of proteostasis represents an early molecular event in Caenorhabditis
elegans aging. Proc Natl Acad Sci U S A 106: 14914-9. DOI: https://doi.org/10.1073/pnas.0902882106 | PMID: 19706382.

Bouasker S, Simard MJ. 2012. The slicing activity of miRNA-specific Argonautes is essential for the miRNA pathway in C.
elegans. Nucleic Acids Res 40: 10452-62. DOI: https://doi.org/10.1093/nar/gks748 | PMID: 22904066.

Brenner S. 1974. The genetics of Caenorhabditis elegans. Genetics 77: 71-94. DOI: https://doi.org/10.1002/cbic.200300625 |
PMID: 4366476.

Denzel MS, Storm NJ, Gutschmidt A, Baddi R, Hinze Y, Jarosch E, Sommer T, Hoppe T, Antebi A. 2014. Hexosamine
pathway metabolites enhance protein quality control and prolong life. Cell 156: 1167-1178. DOI:
https://doi.org/10.1016/j.cell.2014.01.06 | PMID: 24630720.

Douglas PM, Dillin A. 2010. Protein homeostasis and aging in neurodegeneration. J Cell Biol 190: 719-29. DOI:
https://doi.org/10.1083/jcb.201005144 | PMID: 20819932.

Filipowicz W, Bhattacharyya SN, Sonenberg N. 2008. Mechanisms of post-transcriptional regulation by microRNAs: are the
answers in sight? Nat Rev Genet 9: 102-14. DOI: https://doi.org/10.1038/nrg2290 | PMID: 18197166.

Finger F, Ottens F, Springhorn A, Drexel T, Proksch L, Metz S, Cochella L, Hoppe T. 2019. Olfaction regulates organismal
proteostasis and longevity via microRNA-dependent signaling. Nat Metab 1: 350-359. DOI: https://doi.org/10.1038/s42255-
019-0033-z | PMID: 31535080.

Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, Baillie DL, Fire A, Ruvkun G, Mello CC. 2001. Genes and
mechanisms related to RNA interference regulate expression of the small temporal RNAs that control C. elegans
developmental timing. Cell 106: 23-34. DOI: https://doi.org/10.1016/S0092-8674(01)00431-7 | PMID: 11461699.

Hsu AL, Murphy CT, Kenyon C. 2003. Regulation of aging and age-related disease by DAF-16 and heat-shock factor. Science
300: 1142-5. DOT: https://doi.org/10.1126/science | PMID: 12750521.

Kahn NW, Rea SL, Moyle S, Kell A, Johnson TE. 2008. Proteasomal dysfunction activates the transcription factor SKN-1 and
produces a selective oxidative-stress response in Caenorhabditis elegans. Biochem J 409: 205-13. DOI:
https://doi.org/10.1042/BJ20070521 | PMID: 17714076.

Kamath RS, Martinez-Campos M, Zipperlen P, Fraser AG, Ahringer J. 2001. Effectiveness of specific RNA-mediated
interference through ingested double-stranded RNA in Caenorhabditis elegans. Genome Biol 2: RESEARCHO0002. DOI:
https://doi.org/10.1186/gb-2000-2-1-research0002 | PMID: 11178279.

Kato M, Chen X, Inukai S, Zhao H, Slack FJ. 2011. Age-associated changes in expression of small, noncoding RNAs,
including microRNAs, in C. elegans. RNA 17: 1804-20. DOI: https://doi.org/10.1261/rna.2714411 | PMID: 21810936.

Klaips CL, Jayaraj GG, Hartl FU. 2018. Pathways of cellular proteostasis in aging and disease. J Cell Biol 217: 51-63. DOI:
https://doi.org/10.1083/jcb.201709072 | PMID: 29127110.



microPublication
BIOLOGY
10/14/2021 - Open Access

Labbadia J, Morimoto RI. 2015. The biology of proteostasis in aging and disease. Annu Rev Biochem 84: 435-64. DOI:
https://doi.org/10.1146/annurev-biochem-060614-033955 | PMID: 25784053.

Lehrbach NJ, Castro C, Murfitt KJ, Abreu-Goodger C, Griffin JL, Miska EA. 2012. Post-developmental microRNA
expression is required for normal physiology, and regulates aging in parallel to insulin/IGF-1 signaling in C. elegans. RNA 18:
2220-35. DOLI: https://doi.org/10.1261/rna.035402.112 | PMID: 23097426.

Meister G. 2013. Argonaute proteins: functional insights and emerging roles. Nat Rev Genet 14: 447-59. DOI:
https://doi.org/10.1038/nrg3462 | PMID: 23732335.

Morimoto RI, Cuervo AM. 2014. Proteostasis and the aging proteome in health and disease. J Gerontol A Biol Sci Med Sci 69
Suppl 1: S33-8. DOI: https://doi.org/10.1093/gerona/glu049 | PMID: 24833584.

Park SK, Tedesco PM, Johnson TE. 2009. Oxidative stress and longevity in Caenorhabditis elegans as mediated by SKN-1.
Aging Cell 8: 258-69. DOI: https://doi.org/10.1111/j.1474-9726.2009.00473.x.0xidative | PMID: 19627265.

Qawasmi L, Braun M, Guberman I, Cohen E, Naddaf L, Mellul A, Matilainen O, Roitenberg N, Share D, Stupp D, Chahine H,
Cohen E, Garcia SMDA, Tabach Y. 2019. Expanded CUG Repeats Trigger Disease Phenotype and Expression Changes
through the RNAi Machinery in C. elegans. J Mol Biol 431: 1711-1728. DOI: https://doi.org/10.1016/j.jmb.2019.03.003 |
PMID: 30878478.

Roth DM, Balch WE. 2011. Modeling general proteostasis: proteome balance in health and disease. Curr Opin Cell Biol 23:
126-34. DOI: https://doi.org/10.1016/j.ceb.2010.11.001 | PMID: 21131189.

Rual JF, Hill DE, Vidal M. 2004. ORFeome projects: gateway between genomics and omics. Curr Opin Chem Biol 8: 20-5.
DOI: https://doi.org/10.1016/j.cbpa.2003.12.002 | PMID: 15036152.

Ruggiano A, Foresti O, Carvalho P. 2014. Quality control: ER-associated degradation: protein quality control and beyond. J
Cell Biol 204: 869-79. DOI: https://doi.org/10.1083/jcb.201312042 | PMID: 24637321.

Samuelson AV, Carr CE, Ruvkun G. 2007. Gene activities that mediate increased life span of C. elegans insulin-like signaling
mutants. Genes Dev 21: 2976-94. DOI: https://doi.org/10.1101/gad.1588907 | PMID: 18006689.

Segref A, Torres S, Hoppe T. 2011. A screenable in vivo assay to study proteostasis networks in Caenorhabditis elegans.
Genetics 187: 1235-40. DOI: https://doi.org/10.1534/genetics.111.126797 | PMID: 21288877.

Segref A, Kevei E, Pokrzywa W, Schmeisser K, Mansfeld J, Livnat-Levanon N, Ensenauer R, Glickman MH, Ristow M,
Hoppe T. 2014. Pathogenesis of human mitochondrial diseases is modulated by reduced activity of the ubiquitin/proteasome
system. Cell Metab 19: 642-52. DOI: https://doi.org/10.1016/j.cmet.2014.01.016 | PMID: 24703696.

Smith-Vikos T, Slack FJ. 2012. MicroRNAs and their roles in aging. J Cell Sci 125: 7-17. DOI:
https://doi.org/10.1242/jcs.099200 | PMID: 22294612.

Stiernagle T. 2006. Maintenance of C. elegans. WormBook : 1-11. DOI: https://doi.org/10.1895/wormbook.1.101.1 | PMID:
18050451.

Timmons L, Fire A. 1998. Specific interference by ingested dsRNA. Nature 395: 854. DOI: https://doi.org/10.1038/27579 |
PMID: 9804418.

Tops BB, Plasterk RH, Ketting RF. 2006. The Caenorhabditis elegans Argonautes ALG-1 and ALG-2: almost identical yet
different. Cold Spring Harb Symp Quant Biol 71: 189-94. DOI: https://doi.org/10.1101/sqb.2006.71.035 | PMID: 17381296.

Vasquez-Rifo A, Jannot G, Armisen J, Labouesse M, Bukhari SI, Rondeau EL, Miska EA, Simard MJ. 2012. Developmental
characterization of the microRNA-specific C. elegans Argonautes alg-1 and alg-2. PLoS One 7: e33750. DOI:
https://doi.org/10.1371/journal.pone.0033750 | PMID: 22448270.

Funding: This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy — EXC 2030 — 390661388 and by the European Research Council (ERC-CoG-616499) to T.H.

Author Contributions: Fabian Finger: Conceptualization, Methodology, Investigation, Visualization, Writing - original draft,
Writing - review and editing. Franziska Ottens: Conceptualization, Visualization, Writing - original draft, Writing - review and
editing. Thorsten Hoppe: Conceptualization, Funding acquisition, Project administration, Supervision, Writing - review and
editing.

Reviewed By: Anonymous



microPublication
BIOLOGY
10/14/2021 - Open Access

History: Received July 20, 2021 Revision received August 27, 2021 Accepted September 12, 2021 Published October 14,
2021

Copyright: © 2021 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Finger, F; Ottens, F; Hoppe, T (2021). The Argonaute Proteins ALG-1 and ALG-2 Are Linked to Stress Resistance
and Proteostasis. microPublication Biology. https://doi.org/10.17912/micropub.biology.000457



