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Abstract Aging impairs the activation of stress signaling pathways (SSPs), preventing the

induction of longevity mechanisms late in life. Here, we show that the antibiotic minocycline

increases lifespan and reduces protein aggregation even in old, SSP-deficient Caenorhabditis

elegans by targeting cytoplasmic ribosomes, preferentially attenuating translation of highly

translated mRNAs. In contrast to most other longevity paradigms, minocycline inhibits rather than

activates all major SSPs and extends lifespan in mutants deficient in the activation of SSPs,

lysosomal or autophagic pathways. We propose that minocycline lowers the concentration of newly

synthesized aggregation-prone proteins, resulting in a relative increase in protein-folding capacity

without the necessity to induce protein-folding pathways. Our study suggests that in old individuals

with incapacitated SSPs or autophagic pathways, pharmacological attenuation of cytoplasmic

translation is a promising strategy to reduce protein aggregation. Altogether, it provides a

geroprotecive mechanism for the many beneficial effects of tetracyclines in models of

neurodegenerative disease.

Editorial note: This article has been through an editorial process in which the authors decide how

to respond to the issues raised during peer review. The Reviewing Editor’s assessment is that all

the issues have been addressed (see decision letter).

DOI: https://doi.org/10.7554/eLife.40314.001

Introduction
Pharmacologic activation of longevity mechanisms to increase stress resistance and improve proteo-

stasis capacity appears to be an attractive treatment strategy for degenerative diseases

(Balch et al., 2008). While the exact mechanism(s) of neuronal death in Alzheimer’s disease, Parkin-

son’s disease and related maladies remain elusive, there is compelling genetic evidence for an age-

associated collapse of proteostasis that contributes to protein aggregation and degenerative pheno-

types (Taylor and Dillin, 2011). Most longevity mechanisms crucially depend on the ability to acti-

vate stress signaling pathways (SSPs) and proteostatic mechanisms (Steinkraus et al., 2008;

Tullet et al., 2008; Henis-Korenblit et al., 2010; Lapierre et al., 2013). For example, a
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comprehensive study in Caenorhabditis elegans by Shore et al. showed that the induction of SSPs is

central and necessary for inducing longevity by 160 different RNAis (Shore et al., 2012). Others

have shown that as animals age, their ability to respond to stress dramatically declines

(Labbadia and Morimoto, 2015; Dues et al., 2016). As a consequence, longevity pathways whose

mechanisms depend on the activation of SSPs can be predicted to become nonresponsive with

aging.

Indeed, most longevity mechanisms, like the reduction of insulin/IGF signaling or a reduction in

electron transport chain activity, do not extend lifespan when initiated past day 5 of C. elegans

adulthood (Dillin et al., 2002a; Dillin et al., 2002b; Rangaraju et al., 2015). Proper timing is also

required in Ames Dwarf mice, where growth hormone deficiency during the first 6 weeks of pre-

pubertal development is critical for longevity (Panici et al., 2010).

Ideally one would like to be able to enhance proteostasis capacity and to extend life- and health-

span by pharmacologically treating older organisms at the first appearance of neurodegenerative

symptoms or disease biomarkers (e.g. protein aggregates). Fortunately, some longevity mechanisms

such as dietary restriction or rapamycin treatment remain responsive later in life (Weindruch and

Walford, 1982; Harrison et al., 2009). However, little is known about what distinguishes timing-spe-

cific longevity mechanisms from longevity mechanisms that remain responsive throughout life.

In this study, we identified minocycline, a drug known to have neuroprotective and anti-inflamma-

tory properties in mammals (Mitra et al., 1975; Choi et al., 2005; Festoff et al., 2006;

Seabrook et al., 2006; Choi et al., 2007; Noble et al., 2009; Zheng et al., 2010; Cai et al., 2011;

Ferretti et al., 2012; Obici et al., 2012; Cai et al., 2013; Garrido-Mesa et al., 2013), to extend life-

span and to reduce protein aggregation even in old C. elegans that have lost their capacity to acti-

vate SSPs. Subsequent elucidation of the mechanism of action (MOA) shows minocycline to

attenuate cytoplasmic translation independently of the integrated stress response (ISR), but mimick-

ing its beneficial effects. We propose that the neuroprotective and aggregation-preventing effects

of minocycline, observed in preclinical mouse models as well as in human clinical trials, are explained

by its attenuation of cytoplasmic protein synthesis. Reducing the concentration of newly synthesized

aggregation-prone proteins relieves demands on the proteostasis network even in older individuals

in which SSPs and protein degradation pathways have already been compromised due to advanced

age.

Results

Minocycline extends C. elegans lifespan in both young and old animals
Previous studies have shown that the capacity for C. elegans to respond to stress declines with age

(Bansal et al., 2015; Labbadia and Morimoto, 2015). To expand on previous studies and to define

the age at which major SSPs lose their capacity to respond to stress, we exposed transcriptional

GFP-reporter strains that respond to oxidative stress (gst-4p::GFP) or unfolded proteins in the endo-

plasmic reticulum (hsp-4p::GFP, UPRER), in the mitochondria (hsp-6p::GFP, UPRmt), or in the cytosol

(hsp-16.2p::GFP) to their respective stressors -arsenite, tunicamycin, paraquat or heat- at increasing

ages. On the first day as reproductive adults, herein defined as day 1, stressors increased GFP

expression relative to untreated controls (Figure 1A,B). The exception was hsp-6p::GFP which was

strongly activated at the L2 larval stage (Figure 1—figure supplement 1A) but responded poorly on

day 1. By day 5 of adulthood, SSP activity was reduced and by day 8 was nearly undetectable

(Figure 1A,B). Thus, 8 days after reaching adulthood C. elegans no longer induce SSPs in response

to stress despite dying from its negative effects. We will refer to day 8 as the ‘post-stress-responsive’

age.

We next asked whether longevity and proteostasis mechanisms exist that remain drugable in

post-stress-responsive adults. To this end, we treated 8-day-old C. elegans adults with 21 different

molecules that we previously identified to extend lifespan (Ye et al., 2014). All 21 molecules

extended lifespan when treatment was initiated on day 1 of adulthood. However, only minocycline

extended lifespan when treatment was initiated on day 8 (Figure 1C; Figure 1—figure supplement

1B). For some of the inactive drugs, a xenobiotic-responsive cyp-34A9p::GFP strain was used to con-

firm drug uptake in old C. elegans (Figure 1—figure supplement 1C) (Anbalagan et al., 2012).
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Figure 1. Stress signaling pathway activity declines with age. (A) Scatter plots show fold induction of GFP

fluorescence induced by stressors compared to untreated animals in gst-4p::GFP (oxidative stress), hsp-4p::GFP

(UPRER), hsp-6p::GFP (UPRmt) and hsp-16.2p::GFP (heat stress) C. elegans at 1, 5 and 8 days of age. We define day

1 as the first day of adulthood. Error bars show mean ± S.D., each dot represents one animal with all n > 300 for

each reporter strain and age. Significance determined by ANOVA followed by Dunett’s test. Total of four

independent experiments. (B) Representative fluorescent microscopy images of 100 randomly selected animals for

each condition and strain. Stressors indicated to right of each image panel. Images for each strain were taken in

parallel on the same day using identical settings. Total of four independent experiments. (C) Bar graphs show %

change in lifespan for 21 small molecules when treatment was initiated on day 1 of adulthood (gray) or on day 8 of

adulthood (orange). Note that some compounds that extend lifespan when treatment is initiated on day 1 become

slightly toxic at later ages. One independent experiment with at least 53 animals per condition. Significance

determined by the log-rank test. (D) Structure of minocycline. (E) Survival curves for untreated (black line) and

minocycline-treated wild-type N2 animals when treatment was initiated on day 1 (blue line) or day 8 (orange line)

of adulthood. OP50 were killed by g-irradiation to separate antibiotic from lifespan effects. Total of five

independent experiments. Significance determined by the log-rank test. (F) Percent change in lifespan as a

function of minocycline concentration for N2. OP50 were g-irradiated. Total of four independent experiments. (G)

Representative fluorescence microscopy images showing heads of C. elegans at increasing ages expressing the a-

synuclein::YFP fusion protein. Top: water-treated control, bottom: minocycline-treated (100 mM). Note the increase

in punctuate staining with age indicative of protein aggregation. (H) Graph shows the average number of a-

synuclein::YFP aggregates per worm as a function of age for water- or minocycline-treated animals. Age when

minocycline treatment is initiated for each color is shown right of the graph. Error bars indicate S.E.M. For each

data point, n > 15. Total of four independent experiments. Asterisks indicate significance *<0.05, **<0.01,

***<0.001, n.s. not significant. Source data for N2 lifespan experiments are available in the Figure 1—source data

1.

DOI: https://doi.org/10.7554/eLife.40314.002

Figure 1 continued on next page
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Minocycline is a regulatory agency-approved tetracycline antibiotic used to treat acne vulgaris

and has long been known to reduce tumor growth, inflammation and protein aggregation in mam-

mals by an unknown MOA (Figure 1D) (Garrido-Mesa et al., 2013). Minocycline still extended life-

span when treatment was initiated on day 8, albeit by 22% instead of the 48% observed when

treatment commenced on day 1 (Figure 1E). Subsequent control experiments showed that the life-

span extension by minocycline was independent of the method of sterilization, cultivation tempera-

ture (Figure 1—figure supplement 1D,E) and whether the animals were fed live or dead bacteria

(OP50). Recording dose response curves we determined an EC50 of 22 mM and an optimal concen-

tration of 50 – 100 mM, as compared to therapeutic concentrations measured in patient serum of

5 – 10 mM (Figure 1F; Figure 1—figure supplement 1E) (Agwuh and MacGowan, 2006; Garrido-

Mesa et al., 2013). To investigate the MOA of minocycline independently of its antibiotic activity, all

subsequent experiments were conducted using only dead, g-irradiated bacteria. Taken together,

minocycline extends lifespan independently of its antibiotic activity, even when treatment is initiated

in old, post-stress-responsive C. elegans.

Minocycline attenuates protein aggregation in both young and old C.
elegans
We next tested minocycline for its ability to modulate protein aggregation, a common molecular

characteristic of many neurodegenerative diseases. We treated animals that express human a-synu-

clein fused to YFP in the muscle (van Ham et al., 2008) with water or minocycline on day 1 of adult-

hood and imaged them on days 8, 11, 16 and 19. Minocycline suppressed the age-dependent

increase in a-synuclein aggregation. It also reduced a-synuclein aggregation even when added to

post-stress-responsive adults at a late age (day 8), when unfolded protein responses were no longer

induced (Figure 1G,H; Figure 1—figure supplement 1F). To confirm this effect extended beyond

a-synuclein aggregation, we tested another model of protein aggregation and determined minocy-

cline also reduced the paralysis caused by temperature-induced Ab1-42 misfolding that leads to

aggregation in C. elegans’ body-wall muscle (Figure 1—figure supplement 1G) (Jiang et al., 2012;

McColl et al., 2012). Thus, minocycline treatment reduced both age-dependent and temperature-

induced protein aggregation in C. elegans.

Minocycline extends C. elegans lifespan in mutants defective for SSP or
autophagy activation
As minocycline extends lifespan of post-stress-responsive C. elegans, its activity should be indepen-

dent of SSP activation. This prediction was tested in two ways. First, we repeated the GFP reporter-

based stress response activation experiments, pretreating day-5-old adults for 2 hr with minocycline

before subjecting them to stress (Figure 2A). As expected, minocycline alone did not induce any

SSP reporter (Figure 2B,C). Unexpectedly, pretreatment with minocycline suppressed stressor-

induced activation of all SSP reporters compared to stressor alone. This was particularly surprising as

previous studies have shown that treating larvae with minocycline activates the hsp-6p::GFP reporter

(Figure 2—figure supplement 1A,B) (Houtkooper et al., 2013). In contrast, in adults, minocycline

inhibited the activation of all SSPs. Minocycline-induced inhibition of SSPs did not result in an

increased susceptibility to stress. Minocycline-treated adults survived heat stress (35˚C) much better

than untreated adults, with 60% of the minocycline-treated animals still alive when nearly all control

animals had died (Figure 2—figure supplement 1C). Furthermore, minocycline-treated adults were

also much more resistant to paraquat-induced oxidative stress (Figure 2—figure supplement 1D).

This is consistent with the observation that minocycline also protects neuronal-like rat pheochromo-

cytoma (PC12) cells from paraquat-induced cell death (Huang et al., 2012). Thus, despite inhibiting

Figure 1 continued

The following source data and figure supplement are available for figure 1:

Source data 1. Summary of N2 lifespan data, related to Figure 1.

DOI: https://doi.org/10.7554/eLife.40314.004

Figure supplement 1. Small molecules screened for post-stress-responsive lifespan.

DOI: https://doi.org/10.7554/eLife.40314.003
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SSP activation, minocycline protects from stress, suggesting a protective mechanism that bypasses

SSP activation.

Second, we measured the lifespan of water- and minocycline-treated strains carrying mutations in

genes encoding transcription factors that regulate SSP activity, including the FOXO transcription fac-

tor daf-16, the UPRER transcriptional activator xbp-1, the UPRmt transcriptional activator atfs-1, the

oxidative stress response factor skn-1, and the universally conserved heat shock transcription factor

hsf-1. Minocycline extended lifespan in all C. elegans mutants (Figure 2D). Remarkably, minocycline

extended lifespan in hsf-1(sy441) mutants by up to +159%, a relative extension clearly greater than

what was observed in wild-type N2 animals and almost reaching absolute lifespans of minocycline-

treated N2 animals (Figure 1E; Figure 2—source data 1). This enhanced extension suggests that

minocycline not only extends lifespan as in N2 but also rescues some of the defects associated with

mutated hsf-1(sy441).

One way how minocycline could rescue hsf-1-associated defects would be to clear misfolded pro-

teins by inducing autophagy and lysosomal pathways (Kumsta et al., 2017). To determine if autoph-

agy is required for the lifespan extension by minocycline, we measured lifespan in minocycline-
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Figure 2. Minocycline suppresses stress signaling pathway activity. (A) Experimental timeline to monitor stress response activation of 5-day-old adult

C. elegans GFP-reporter strains induced by stressor and/or minocycline. Minocycline (100 mM) was added 2 hr prior to each stressor. (B) Scatter plots

show fold induction of GFP fluorescence induced by stressors and/or minocycline treatment compared to untreated animals in 5-day-old adults.

Pretreatment with minocycline suppresses stress response activation. Reporters: gst-4p::GFP (oxidative stress), hsp-4p::GFP (ER UPR), hsp-6p::GFP

(UPRmt) and hsp-16.2p::GFP (heat stress). Error bars show mean ± S.D., each dot represents one animal with all n > 300. Significance determined by the

Mann-Whitney t-test. At least three independent experiments. (C) Representative fluorescence microscopy images of 100 randomly selected animals for

each condition and strain. Stressors indicated to the right of each panel. Images for each strain were taken in parallel on the same day using identical

settings. (D) Survival curves. Minocycline significantly extends lifespan in strains carrying mutations in regulators of stress and proteostasis responses.

Statistical significance determined by the log-rank test. Number of animals n ranging from 35 to 218. Total of at least three independent experiments

per strain. (E) Survival curves. Minocycline significantly extends lifespan in two strains carrying mutations in regulators of lysosomal and autophagic

pathways. Statistical significance determined by the log-rank test. Number of animals n ranging from 56 to 138. Total of at least three independent

experiments per strain. Asterisks indicate significance *<0.05, **<0.01, ***<0.001, n.s. not significant. Source data for all lifespan experiments in (D) and

(E) are available in the Figure 2—source data 1.

DOI: https://doi.org/10.7554/eLife.40314.005

The following source data and figure supplement are available for figure 2:

Source data 1. Summary of lifespan data for strains carrying mutations in regulators of stress, proteostasis, autophagy and lysosomal responses, related

to Figure 2.

DOI: https://doi.org/10.7554/eLife.40314.007

Figure supplement 1. Despite inhibiting the UPRmt and the heat shock response in adults, minocycline activates the UPRmt in larvae and protects from

stress.

DOI: https://doi.org/10.7554/eLife.40314.006
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treated strains harboring mutations in the Atg1/ULK1 ortholog unc-51 and the TFEB ortholog hlh-

30, key factors critical for autophagy and lysosomal activity. In both strains, minocycline significantly

increased lifespan (Figure 2E). Despite the severe behavioral and morphological phenotypes

observed in the unc-51(e369) mutants, the mutation did not reduce the ability of minocycline to

extend lifespan. Minocycline also extended the lifespan of hlh-30(tm1978) mutants, but less than the

45% observed in N2. These genetic results, and the previous finding that activation of autophagy in

already old C. elegans is likely to be detrimental (Wilhelm et al., 2017), are consistent with a mecha-

nism of minocycline that acts independently of the activation of autophagy. However, as unc-51 is

essential, the residual activity remaining in the unc-51(e369) mutants does not allow us to draw a

definitive conclusion.

Minocycline reduces reactive cysteine labeling at the ribosome
In contrast to minocycline, lifespan extension induced in C. elegans by the conserved longevity para-

digms including dietary restriction, reduced mitochondrial activity, germline ablation, sensory per-

ception, reduced insulin signaling or the inhibition of mTOR all depend on at least one of the above

tested factors (Steinkraus et al., 2008; Robida-Stubbs et al., 2012; Houtkooper et al., 2013;

Lapierre et al., 2013; Weir et al., 2017). To gain insight into the MOA of minocycline, we con-

ducted activity-based protein profiling using iodoacetamide (IA) as a probe, followed by isotopic

tandem orthogonal proteolysis (isoTOP-ABPP). IA binds specifically to reactive cysteine residues,

including catalytic sites within enzymes, post-translational modification sites, cysteine oxidation sites,

and other types of regulatory or functional domains across the proteome (Roberts et al., 2017). We

hypothesized that minocycline treatment would directly, by binding near a reactive cysteine, or indi-

rectly, by modulating the activity of a pathway, alter IA labeling of reversible, post-translational cys-

teine modifications.

To determine minocycline-induced changes in cysteine labeling patterns, 5-day-old adult C. ele-

gans were treated with water or minocycline for 3 days and their proteome was subsequently

labeled with the IA probe and analyzed by mass spectrometry (Figure 3—figure supplement 1A).

Analysis of the isoTOP-ABPP data by the Cytoscape plugin ClueGO (Bindea et al., 2009), which

allows visualization of biological terms for large clusters of genes in a functionally grouped network,

showed that minocycline treatment reduced IA labeling of proteins involved in cytoplasmic transla-

tion, specifically proteins involved in ribosome assembly and peptide metabolic processes

(Figure 3A). These results suggested that minocycline directly or indirectly targets cytoplasmic trans-

lation, an MOA consistent with lifespan extension and that explained how minocycline prevented

SSP reporter induction (Figure 2B,C) (Vellai et al., 2003; Kapahi et al., 2004; Kaeberlein et al.,

2005; Hansen et al., 2007; Pan et al., 2007; Syntichaki et al., 2007; McQuary et al., 2016).

Minocycline attenuates cytoplasmic mRNA translation in C. elegans
We next set out to determine the effect of minocycline treatment on cytoplasmic mRNA translation.

Consistent with reducing translation, minocycline treatment reduced C. elegans growth and repro-

duction (Figure 3B,C; Figure 3—figure supplement 1B,C) (Hansen et al., 2007; Pan et al., 2007).

To quantify mRNA translation in the presence or absence of minocycline, we measured incorporation

of 14N and 15N -labeled amino acids into the proteome by quantitative mass spectrometry. In a first

series of experiments, synchronized populations of animals at the L4 larval stage were treated for 24

hr with either water or minocycline and fed 14N-labeled bacteria. To quantify differences in protein

levels, a 15N standard was added to determine a 14N to (14N + 15N) intensity ratio. The majority of

proteins (85%) in the minocycline-treated samples showed a significant reduction in intensity com-

pared to controls, revealing that minocycline treated animals contained ~24% less protein

(Figure 3D,L4fi day 1). These effects on the proteome were not likely the result of increased protein

degradation, as minocycline reduced rather than increased proteosomal activity (Figure 3—figure

supplement 1D). At least in adult C. elegans these data were inconsistent with a model in which

minocycline selectively reduced translation, as has been shown for ifg-1 (Rogers et al., 2011). The

few factors that showed higher expression levels in minocycline-treated animals had no known link

to stress resistance or were shown to increase lifespan when knocked down by RNAi.

In a second series of experiments, we made use of a previous observation showing that mRNA

translation rates in C. elegans decline with age (Gomez-Amaro et al., 2015). Thus, if minocycline
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acted by attenuating translation, its effect on 14N incorporation into the proteome should depend

on the translation rate and should be smaller in 5-day-old adult animals than in young, L4 larvae. To

test this prediction, we initiated minocycline treatment on day 5 of adulthood and harvested protein

24 hr and 72 hr later. As predicted, the effect of minocycline on mRNA translation depended on the

age of the animals. While a 24 hr minocycline treatment initiated in L4 larvae reduced protein syn-

thesis by ~24% (Figure 3D,L4fiday 1), the same length of treatment initiated in day-5-old adults

showed only an ~11% reduction on mRNA translation (Figure 3D, day 5fiday 6). However, a 72-hr

minocycline treatment initiated on day 5 allowed enough mRNA translation to occur to observe a

significant suppression of ~24% (Figure 3D, day 5fiday 8). In addition, we observed the suppressive

effect of minocycline to correlate with protein abundance, suppressing the production of highly

expressed proteins to a greater extent than lowly expressed proteins (Figure 3—figure supplement

1E). Taken together, these results show that minocycline-treated animals contain less protein, consis-

tent with an attenuation of mRNA translation.
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Figure 3. Minocycline attenuates translation in C. elegans. (A) Network analysis by ClueGO of isoTOP-ABPP

results corresponding to protein-probe labeling changes that decrease with minocycline treatment. Size of the

circle is proportional to the number of proteins identified and the color represents significance. Total of three

independent experiments. (B) Graph shows total number of offspring for water- or minocycline-treated C. elegans

over 5 days after minocycline addition. Significance determined by the Mann-Whitney t test n = 15. Total of five

independent experiments. (C) Graph shows C. elegans length in pixels as a function of age in hours after

minocycline addition. Significance determined by the Mann-Whitney Student’s t test n > 50. Total of five

independent experiments. (D) Graphs show relative intensity ratios of 14N incorporation to total 14N +15N -labeled

proteins in water (black circles) or minocycline-treated (blue circles) animals as a function of abundance in water-

treated animals at different ages. Length and age of labeling indicated above each graph. Total of two

independent experiments. Significance determined by a paired t test. Asterisks indicate significance *<0.05,

**<0.01, ***<0.001, n.s. not significant. Source data for isoTOP-ABPP and quantitative mass spectrometry

experiments are available in Figure 3—source datas 1 and 2, respectively.

DOI: https://doi.org/10.7554/eLife.40314.008

The following source data and figure supplement are available for figure 3:

Source data 1. Summary of isoTOP-ABPP analysis.

DOI: https://doi.org/10.7554/eLife.40314.010

Source data 2. Summary of15N-incorporation analysis.

DOI: https://doi.org/10.7554/eLife.40314.011

Figure supplement 1. Minocycline-treated animals display phenotypes characteristic of translation inhibition,

Related to Figure 3.

DOI: https://doi.org/10.7554/eLife.40314.009
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Minocycline attenuates mRNA translation in human cells
To determine if minocycline treatment also can reduce mRNA translation in human cells, we mea-

sured basal mRNA translation by monitoring incorporation of [35S]-methionine/cysteine in untreated

and minocycline-treated HeLa cells. A 6 hr pretreatment with minocycline reduced mRNA translation

by ~30% at 100 mM as monitored by [35S]-methionine/cysteine incorporation (Figure 4A; Figure 4—

figure supplement 1A). This experiment was repeated in murine NIH 3T3 cells with similar results

(Figure 4—figure supplement 1B). The magnitude of the effect was similar to what we observed in

C. elegans (Figure 3D), but less than the effect of cycloheximide (Figure 4A). As the bioavailability

of minocycline is close to 100%, in vivo and in vitro concentrations are expected to be similar (Gar-

rido-Mesa et al., 2013).

To gain further insight on how minocycline reduces mRNA translation, we recorded polysome

profiles from untreated and minocycline-treated HeLa cells. Minocycline treatment caused a pro-

nounced increase in the 80S monosome peak (M) indicative of stalled translation initiation

(Figure 4B). It further showed a disproportionally strong reduction in the heavy polysome fraction

(P), suggesting that minocycline reduced ribosomal load, the number of ribosomes per mRNA, of

highly translated mRNAs. Thus, the observed reduction of ribosomal load by minocycline results in a

substantial attenuation of highly translated mRNAs. The preferential effect on the heavy polysome

fraction (P) provided a potential explanation for the greater inhibitory effect of minocycline on highly

expressed proteins that we observed in the C. elegans metabolic labeling experiment (Figure 3—

figure supplement 1E).

Upon heat shock, polysome-mediated translation allows cells to quickly synthesize large quanti-

ties of chaperones like HSP60 and HSP70. If minocycline attenuates polysome-mediated translation

it should substantially suppress the heat shock-induced expression of HSP60 and HSP70 at the pro-

tein but not at the mRNA level. To test this, we pretreated HeLa cells with water or minocycline and

subjected them to heat shock to measure HSP60 and HSP70 protein expression levels by western

blot. As expected, HeLa cells strongly induced expression of HSP60 and HSP70 in response to a

heat shock while pretreatment with minocycline dramatically reduced it (Figure 4C). However, mino-

cycline only reduced HSP60 and HSP70 expression at the protein level and had no effect on the

induction of their mRNAs (Figure 4D). Similarly, we revisited C. elegans and confirmed that minocy-

cline suppressed the activation of hsp-16.2p::GFP at the protein but not at the mRNA level

(Figure 2B; Figure 4—figure supplement 1C). Thus, minocycline-treated cells activate stress

responses at the level of mRNA but are unable to rapidly translate them into proteins as minocycline

strongly attenuates polysome-mediated translation.

To extend these results to other stress responses such as the UPRER, we repeated these experi-

ments using HEK293DAX cells. HEK293DAX cells allow ligand-induced activation of the UPRER in the

absence of stress, as they express the UPRER transcriptional activator ATF6 fused to mutant destabi-

lized dihydrofolate reductase (DHFR). Because the DHFR domain is largely unfolded, the ATF6-

DHFR fusion protein is continually degraded by the proteasome. The addition of trimethoprim

(TMP) stabilizes the ATF6-DHFR fusion, leading to a dose-dependent expression of the chaperone

BiP (Shoulders et al., 2013). As expected, TMP treatment dramatically induced BiP expression that

was completely suppressed by minocycline co-treatment (Figure 4E; Figure 4—figure supplement

1D). These results show that minocycline strongly suppresses activation of multiple stress responses

at the level of translation in both C. elegans and human cells irrespective of whether expression was

induced by stress or an artificial ligand like TMP.

As we did before in C. elegans, we asked if the suppression of stress responses by minocycline

impaired the ability of a cell to deal with heat stress and protein aggregation (Figure 1—figure sup-

plement 1G; Figure 2—figure supplement 1C). Using the aggregation-specific dye ProteoStat, we

measured protein aggregation in HeLa cells before and after a 1 hr heat shock. The protein aggre-

gate-induced fluorescence only increased in control cells upon heat shock (~12%), but not in minocy-

cline-pretreated cells (Figure 4F). Thus, as already observed in C. elegans, minocycline treatment

protects from heat-shock-induced protein aggregation despite suppressing activation of the heat-

shock response (Figure 1—figure supplement 1G; Figure 2—figure supplement 1C).
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Figure 4. Minocycline attenuates translation and reduces ribosomal load of highly translated mRNAs. (A)

Autoradiograph (top) monitoring 35S incorporation over 1 hr of HeLa cells treated for 6 hr with cycloheximide or

increasing concentrations of minocycline. Coomassie gel (bottom) is shown as a loading control. Total of four

independent experiments. (B) Polysome profile analysis of 12 hr water- (black) or minocycline-treated (blue) HeLa

cells. High molecular weight polysomes (P) and 80S monosomes (M) regions are shaded in gray. An increase in

monosomes and a decrease in high-molecular-weight polysomes are indicative of translation attenuation. Total of

three independent experiments. (C) Immunoblots probing for HSP60 and HSP70 expression of water- or

minocycline-treated (100 mM) HeLa cells after a 1 hr, 43˚C heat shock. Total of three independent experiments. (D)

qRT-PCR analysis of HSP60 and HSP70 mRNA expression in HeLa cells treated with or without minocycline (100

mM) before and after a 1 hr, 43˚C heat shock. Minocycline treatment was initiated 12 hr prior to the heat shock.

Data are represented as mean ± S.E.M. Significance determined by the Mann-Whitney t-test. Total of three

independent experiments. (E) Immunoblots probing for BiP expression of water- or minocycline-treated (100 mM)

HEK293DAX cells engineered to allow UPRER activation by trimethoprim treatment (TMP). Water or 100 mM

minocycline was added alone or in combination with 20 uM trimethoprim for 12 hr prior to cell lysis. Samples were

normalized by RNA concentration. Total of three independent experiments. (F) Bar graph shows change in protein

aggregate formation, as measured by the ProteoStat assay, before and after a 1 hr, 43˚C heat shock in control

(black) and minocycline-treated (blue) HeLa cells. Data are represented as mean ± S.E.M. Significance determined

by the Mann-Whitney t-test. Total of four independent experiments. (G) Autoradiograph (top) monitoring 35S

incorporation of HeLa cells treated with the ISR inhibitor ISRIB (200 nM), minocycline (100 mM), thapsigargin (thaps,

200 nM) and a combination of the three. Coomassie gel (bottom) is shown as a loading control. Total of two

independent experiments. Asterisks indicate significance *<0.05, **<0.01, ***<0.001, n.s. not significant. Figure 5.

Lifespan extension by minocycline depends on cytoplasmic translation.

DOI: https://doi.org/10.7554/eLife.40314.012

The following figure supplement is available for figure 4:

Figure 4 continued on next page
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Minocycline attenuates translation independent of the ISR
SSP activation leads to the phosphorylation of the eukaryotic translation initiation factor eIF2a, glob-

ally inhibiting translation initiation of all but a few mRNAs, generally referred to as the integrated

stress response (ISR) (Pakos-Zebrucka et al., 2016). Minocycline could either attenuate translation

through activation of the ISR or by directly targeting the cytoplasmic ribosome to interfere with

translation. To distinguish between those possibilities, we made use of the ISR inhibitor ISRIB that

prevents eIF2a phosphorylation-mediated translational inhibition (Sidrauski et al., 2015). If minocy-

cline activates the ISR to attenuate translation, co-treatment with ISRIB should restore normal trans-

lation even in the presence of minocycline. HeLa cells were treated with ISRIB, minocycline or both

agents. Monitoring translation by [35S]-methionine/cysteine incorporation showed that co-treatment

with ISRIB did not impair the ability of minocycline to attenuate translation (Figure 4G; Figure 4—

figure supplement 1E). In contrast, translation attenuation by thapsigargin, a known inducer of the

ISR, was restored by the co-treatment with ISRIB (Sidrauski et al., 2015). Thus, minocycline attenu-

ates translation by an ISR-independent mechanism. Comparing the bacterial 16S rRNA to the cyto-

plasmic 18S rRNA of C. elegans and H. sapiens revealed a conserved tetracycline binding site in

helix 34 (h34) (Figure 4—figure supplement 1F) (Brodersen et al., 2000). A recent paper by the

Meyers group identified doxycycline to directly bind to key 18S rRNA substructures of the cyto-

plasmic ribosome and showed different tetracyclines to discriminate between different 18S rRNA

binding sites (Caballero et al., 2011; Mortison et al., 2018). Thus, we concluded that minocycline

directly targets the 18S rRNA, leading to the observed stalled ribosomes (80S peak) and attenuation

of translation (Figure 4A,B).

Minocycline extends lifespan by attenuating translation
Translation of mRNA is essential and ‘null’ mutants lacking 18S rRNA are not viable, preventing us

from directly testing the necessity of mRNA translation for the minocycline-induced longevity. In con-

trast to our studies in C. elegans and human cells, studies investigating the effects of tetracyclic anti-

biotics in S. cerevisiae have shown them to only attenuate mitochondrial but not cytoplasmic

translation. Consistent with a model in which minocycline needs to attenuate cytoplasmic translation

to extend lifespan, minocycline did not extend replicative lifespan in S. cerevisiae, and at higher con-

centrations reduced it (Figure 5A) (Clark-Walker and Linnane, 1966; Caballero et al., 2011;

McCormick et al., 2015).

To more directly link translation inhibition by minocycline to its effect on longevity, we reasoned

that if minocycline extends lifespan by reducing translation directly at the ribosome, its dose-

response curve should be shifted to the left in mutants with already reduced translation and shifted

to the right in mutants with increased translation (Figure 5B).

For a mutant with reduced translation, we used the rsks-1(ok1255) strain (Hansen et al., 2007;

Pan et al., 2007). The rsks-1(ok1255) strain carries a deletion in the homolog of the S6 kinase, a reg-

ulator of translation initiation. Genetic data have shown that rsks-1 extends lifespan by a mechanism

dependent on hlh-30, and thus different from the mechanisms underlying minocycline

(Lapierre et al., 2013). By measuring protein concentrations by Bradford assay in young adults, prior

to the generation of eggs, we further confirmed the independence of the two mechanisms. In rsks-1

mutants, protein concentration was reduced by 18% (±8%) compared to N2. Treatment of rsks-1

(ok1255) mutants with minocycline had an additive effect and further reduced protein concentration

by an additional 26%, resulting in a total reduction of 44% (±8%, p=0.0018, Dunett) compared to

N2. Thus, minocycline and the rsks-1 mutation additively reduced protein concentrations. For a

mutant with increased translation, we used the ncl-1(e1865) strain (Frank and Roth, 1998). Strains

carrying mutations in ncl-1 express twice as much 18S rRNA and produce 22% more protein than

wild-type animals. As our and the Mortison data (Mortison et al., 2018) suggest that minocycline

directly binds to the C. elegans 18S rRNA, a two-fold increase in the 18S rRNA level and the

Figure 4 continued

Figure supplement 1. Minocycline suppresses 35S incorporation in multiple paradigms.

DOI: https://doi.org/10.7554/eLife.40314.013
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associated increase in translation should shift the dose-response curve to the right and diminish min-

ocycline’s effect on lifespan (Figure 5B).

As depicted in Figure 5C, lifespan extension by minocycline was reduced in ncl-1(e1865) mutants

with a right-shifted dose-response curve (Figure 5C,E). In contrast, in long-lived rsks-1(ok1255)

mutants, we observed a left-shifted dose-response curve (Figure 5C,D). Thus, less minocycline was

required in rsks-1(ok1255) mutants to achieve the same level of lifespan extension compared to

wild-type animals, as the translation levels are already reduced by the mutation. However, two

aspects of the dose-response curves were unexpected. First, minocycline increased lifespan by an

average of more than 60% and up to 98% in the already long-lived rsks-1 mutant. Second, the dose-

response curves for all three strains started to decline between 100 and 200 mM (Figure 5—figure

supplement 1). In theory, this decline could be caused by too much translation inhibition, which at

some point becomes detrimental. However, since all strains, irrespective of whether they translate at

wild-type (N2) rates, lower rates (rsks-1) or higher rates (ncl-1) show this drop at the same concentra-

tion, this effect is unlikely the result of too much translation inhibition, but more likely the result of a

toxic off-target (Figure 5—figure supplement 1).
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Figure 5. (A) Replicative lifespan of S. cerevisae treated with increasing concentrations of minocycline. Data were

analyzed using the Wilcoxon rank-sum test. (B) Depicts expected dose response curve shifts for mutants with lower

(black curve) or higher (gray curve) translation rates treated with minocycline compared to wild-type (blue curve).

As translation is essential, translation mutants must retain some translation activity, albeit less than in wild type.

Thus, in mutants with reduced translation like rsks-1, less minocycline should be necessary to optimally lower

translation and to increase lifespan resulting in a left-shifted dose-response curve. If minocycline targets the 18S

rRNA, an excess of rRNA and an increase in translation as in ncl-1 mutants should result in a right-shifted dose-

response curve. (C) Dose response curves show the % change in lifespan as a function of increasing minocycline

concentrations for N2, rsks-1(ok1255) and ncl-1(e1865) mutants. Total of four independent experiments performed.

Data are represented as mean ± S.E.M. (D) Survival curves for water- or minocycline- (100 mM) treated rsks-1

(ok1255) C. elegans mutants. At least four independent experiments performed. (E) Survival curves for water- or

minocycline- (100 mM) treated ncl-1(e1865) C. elegans mutants. Statistical significance determined by the log-rank

test. Number of animals n ranging from 42 to 87, total of four independent experiments. Asterisks indicate

significance *<0.05, **<0.01, ***<0.001, n.s. not significant. Source data for N2, rsks-1 and ncl-1 lifespan

experiments are available in Figure 5—source data 1.

DOI: https://doi.org/10.7554/eLife.40314.014

The following source data and figure supplement are available for figure 5:

Source data 1. Summary of rsks-1 and ncl-1 lifespan data, related to Figure 5 and Figure 5—figure supplement 1.

DOI: https://doi.org/10.7554/eLife.40314.016

Figure supplement 1. Evidence for a toxic off-target at higher minocycline concentrations.

DOI: https://doi.org/10.7554/eLife.40314.015
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Discussion
Ameliorating pathological protein aggregation requires pharmacological mechanisms that improve

proteostasis, even under circumstances when SSPs are compromised, as in aging. To identify such

mechanisms, we searched for a geroprotective compound capable of extending lifespan and

improving proteostasis in post-stress-responsive C. elegans. These efforts identified minocycline, a

regulatory agency-approved antibiotic also known to reduce inflammation and protein aggregation

in mice and humans by a hitherto unknown MOA (Supplementary file 1; Supplementary file 2).

Using an unbiased chemo-proteomic approach, we identified the MOA by which minocycline

extends lifespan and enhances proteostasis. Our ABPP data show that minocycline targets the ribo-

some (Figure 3A) to attenuate translation (Figure 3D; Figure 4A), preferentially reducing polysome

formation (Figure 4B), mimicking the protective effects of the ISR without working through this path-

way (Figure 4G; Figure 6). Notably, this MOA also provides a unifying explanation for the many

other seemingly unrelated effects of minocycline observed in preclinical and clinical studies, includ-

ing its ability to reduce tumor growth, inflammation, and improve symptoms of fragile X. In fact,
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Figure 6. Model on how minocycline rebalances proteostatic load with the decreased folding capacity in older

organisms. Top left: In young animals stress responses and the ISR act as feedback mechanisms to control

proteostatic load driven by mRNA translation. Translation is prevented from overburdening the folding machinery

as accumulation of unfolded proteins leads to the induction of stress responses, triggering attenuation of

translation through eIF2a phosphorylation, acting as a feedback control to reduce protesostatic load. Top right:

Age-associated decline of stress response signaling compromises the translational feedback attenuation, allowing

a relative excess in mRNA translation compared to the declining folding capacity in older adults. Thus, in old

organisms cellular signals (i.e. inflammatory signals) that induce widespread gene expression changes and protein

synthesis may lead to an excessive proteostatic load that can no longer be handled by the existing folding

capacity. Bottom: Minocycline targets the ribosome to attenuate translation, thus aligning proteostatic load with

folding capacity, mimicking the effect of the ISR. The thickness of the ‘translation’ and ‘folding’ arrows are drawn

to signify the relative capacity of each system.

DOI: https://doi.org/10.7554/eLife.40314.017
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Mortison et al. arrived at the same MOA studying the effects of doxycycline on inflammation and

tumor growth (Garrido-Mesa et al., 2013; Mortison et al., 2018).

Directly lowering translation through mutations, pharmacological agents or RNAi is a geroprotec-

tive mechanism that extends lifespan across taxa (Kapahi et al., 2004; Kaeberlein et al., 2005;

Hansen et al., 2007; Harrison et al., 2009; Selman et al., 2009; Han et al., 2017). Our study

reveals that the many beneficial effects of minocycline in eukaryotes are elicited by directly attenuat-

ing translation and that this mechanism is capable of reducing protein aggregation even when initi-

ated in old, SSP-deficient C. elegans (Figure 1G,H). While the effect on longevity in old organisms is

similar between minocycline and rapamycin, our epistasis analysis shows that minocycline differs with

regards to some genetic requirements. Inhibition of mTOR signaling or S6 phosphorylation does not

extend lifespan of TFEB/hlh-30 mutants and requires the hsf-1-mediated heat-shock response to

extend lifespan and to prevent protein aggregation (Robida-Stubbs et al., 2012; Lapierre et al.,

2013; Seo et al., 2013). In contrast, minocycline extends lifespan of hlh-30(tm1978) and of hsf-1

(sy441) mutants (Figure 2) and prevents protein aggregation in C. elegans and human cells despite

inhibiting the activation of the heat-shock response by hsf-1 (Figure 2B–D; Figure 4C–F)

(Prahlad et al., 2008; Steinkraus et al., 2008). These differences raise the question on how transla-

tion attenuation by minocycline extends longevity independently from SSPs that are required for

other translation-related mechanisms. A likely explanation stems from the way minocycline attenu-

ates translation. Any mechanism that targets the 18S rRNA, the catalytic site of the ribosome, must

non-selectively attenuate translation. In contrast, many other well-investigated interventions target

translation initiation, which in principle allows for selective attenuation of translation of subgroups of

mRNAs. For example, knock down of eIF4G/ifg-1 has been shown to lead to a general attenuation

of translation but also to a selective increase in translation of SSP-related mRNAs, which play a role

in the protective effect (Rogers et al., 2011). Thus, whether or not interventions lower translation

selectively or non-selectively and thus involve SSPs is likely to depend on whether they target trans-

lation initiation or aspects of peptide bond formation. Previous studies used cycloheximide to show

that blocking translation by interfering with the translocation step protects from protein aggrega-

tion, as newly synthesized proteins are the main protein species susceptible to damage and to collat-

eral misfolding under stress. An obvious testable prediction of our minocycline data is that the

protective effect of cycloheximide should also be independent of any SSPs (Medicherla and Gold-

berg, 2008; Zhou et al., 2014; Xu et al., 2016). If minocycline acts non-selectively, how is its effect

greater on polysomes than on monosomes? Any single ribosome slowed down by minocycline will

negatively affect all subsequent ribosomes on the same mRNA, thus amplifying the effect in a man-

ner dependent on ribosome number. Future studies will be necessary to precisely elucidate these

details.

Similar to minocycline, Smith et al. have shown that bacterial deprivation initiated in day-8-old C.

elegans also extends lifespan, even as much as when initiating it at day 4 (Smith et al., 2008).

Although not directly measured in this study, bacterial deprivation is also likely to dramatically

reduce cytoplasmic translation, as suggested by Steinkraus et al. (2008). From a therapeutic per-

spective, mechanisms that prevent protein aggregation independently of the activation of the HSF1

network are especially interesting as the presence of pathological protein aggregates during disease

already suggests an overtaxed protein folding machinery (Balch et al., 2008).

Attenuation of translation is a core cellular protection mechanism. In response to stress, SSPs acti-

vate the ISR, which, through phosphorylation of eIF2a, selectively attenuates translation

(Novoa et al., 2003; Martin et al., 2014; Pakos-Zebrucka et al., 2016). Attenuation of translation

provides the cell with a recovery period to restore proteostasis before translation resumes after

dephosphorylating eIF2a. Recovery after stress is marked by intense translation of chaperone

mRNAs like HSP70 or BiP that involves the formation of polysomes, taxing the preexisting proteosta-

sis network (Novoa et al., 2003; Das et al., 2015). Commencing translation after a stressful event,

before proteostasis is restored, results in the production of ROS and caspase-3-mediated apoptosis

(Han et al., 2013). By attenuating translation, minocycline prolongs the period for proteostasis to

recover similar to what has been observed for the PPP1R15A inhibitor Sephin1 (Das et al., 2015). By

preferentially reducing polysome formation (Figure 4B), minocycline generally reduces peak load on

the proteostasis network while still allowing for sufficient translation to maintain cellular function.

Our discovery of the MOA of minocycline confirms the previous predictions made by Han et al.
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(Han et al., 2013) that limiting protein synthesis should protect from protein aggregation

(Choe et al., 2016).

Our proposed MOA also explains why the geroprotective effect of minocycline remains inducible

into later age compared to many other mechanisms. Longevity mechanisms like reduced insulin/IGF

signaling elicit geroprotective effects through the activation of SSPs. As SSPs are no longer inducible

in post-stress-responsive adults, their geroprotective effects can no longer be activated in older ani-

mals, excluding the possibility that minocycline extends lifespan when initiated in post-stress respon-

sive adults by directly inhibiting mitochondrial translation and the subsequent activation of the

mitochondrial UPR (Dillin et al., 2002a; Dillin et al., 2002b; Baker et al., 2012; Labbadia and Mori-

moto, 2015; Rangaraju et al., 2015). Minocycline bypasses the activation of SSPs or the ISR (Fig-

ure 2; Figure 4) to attenuate translation, eliciting geroprotective effects by lowering the

concentration of newly synthesized, aggregation-prone proteins, aligning proteostatic load with the

lower proteostasis network capacity in older adults (Figure 6) (Balch et al., 2008; Plate et al.,

2016).

While it is not known whether minocycline extends lifespan in mammals, its geroprotective effects

reduce age-associated protein aggregation and inflammation as evidenced by numerous preclinical

and clinical studies (Supplementary file 1; Supplementary file 2). The multitude of seemingly unre-

lated effects has been used to argue that tetracyclines act by a wide variety of distinct MOAs. Excite-

ment about several clinically relevant findings was dampened by the lack of a clear MOA necessary

to design eukaryote specific derivatives of these drugs (Metz et al., 2004; Lampl et al., 2007). Our

results shed new light on these observations. Translation attenuation by reducing ribosomal load as

an MOA provides a simple and compelling explanation for these seemingly unrelated beneficial

effects.

For example, minocycline reduces inflammation in peripheral tissues as well as in the central ner-

vous system (Ferretti et al., 2012). Initiation of the inflammatory cascade is similar to the initiation

of other stress responses and leads to the activation of the transcription factors NF-kB and AP1 that

induce expression of pro-inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), TNF-

a or nitric oxide synthase (NOS). While it has been previously suggested that the anti-inflammatory

effects of minocycline are achieved by the inhibition of MMP9, translational attenuation of pro-

inflammatory factors provides a compelling alternative. Similarly, the beneficial effects of minocycline

in treating fragile X syndrome could also be explained by translational attenuation, as fragile X is

caused by the failure to properly express the translational repressor FMRP (Li et al., 2001).

However, it is also important to note that minocycline showed some detrimental effects in a trial

of amyotrophic lateral sclerosis (ALS) (Gordon et al., 2007). As expected from an antibiotic, minocy-

cline-treated patients showed more adverse gastrointestinal effects such as nausea, diarrhea and

constipation. Whether or not minocycline was detrimental for ALS patients was later questioned on

the basis that the used dosage was too high, exacerbating the negative side effects (Leigh et al.,

2008). Given that ALS patients show a hypermetabolic phenotype, the gastrointestinal adverse side

effects may have masked beneficial effects (Jésus et al., 2018), making a minocycline-like compound

that lacks the antibiotic activity highly desirable.

Repurposing FDA-approved drugs such as minocycline using phenotypic screens reveals promis-

ing effects outside the primary indication (antibiotic) of minocycline and inevitably leads to promising

new drug target(s) and MOAs. Our data suggest that the antibiotic activity of minocycline compel a

minocycline structure-activity relationship (SAR) campaign to improve eukaryotic translational attenu-

ation while eliminating antibiotic and other activities. In summary, our studies on minocycline shed

light on the plasticity of longevity mechanisms upon aging and reveal an MOA for minocycline that

explains its geroprotective effects.

Materials and methods

Key resources table

Reagent type
(species) or
resource Designation Source or reference Identifiers

Additional
information

Continued on next page
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Continued

Reagent type
(species) or
resource Designation Source or reference Identifiers

Additional
information

Strain,
strain background
(Caenorhabditis
elegans)

N2 Caenorhabditis
Genetics Center

RRID:WB-STRAIN:N2_(ancestral) wild-type (Bristol)

Strain,
strain background
(C. elegans)

CL2166 CGC RRID:WB-STRAIN:CL2166 dvIs19 [(pAF15)gst
-4p::GFP::NLS] III

Strain,
strain background
(C. elegans)

SJ4005 CGC RRID:WB-
STRAIN:SJ4005

zcIs4 [hsp-4::GFP] V

Strain,
strain background
(C. elegans)

SJ4100 CGC RRID:WB-
STRAIN:SJ4100

zcIs13 [hsp-6::GFP]

Strain,
strain background
(C. elegans)

CL2070 CGC RRID:WB-STRAIN:CL2070 dvIs70 [hsp-16.2p::
GFP + rol-6
(su1006)]

Strain,
strain background
(C. elegans)

SJ17 CGC RRID:WB-S
TRAIN:SJ17

xbp-1(zc12) III;
zcIs4 V

Strain,
strain background
(C. elegans)

QV225 CGC RRID:WB-
STRAIN:QV225

skn-1(zj15) IV

Strain,
strain background
(C. elegans)

PS3551 CGC RRID:WB-STRAIN:PS3551 hsf-1(sy441) I

Strain,
strain background
(C. elegans)

CF1038 CGC RRID:WB-STRAIN:CF1038 daf-16(mu86) I

Strain, strain
background
(C. elegans)

CB369 CGC RRID:WB-
STRAIN:CB369

unc-51(e369) V

Strain,
strain background
(C. elegans)

RB1206 CGC RRID:WB-STRAIN:RB1206 rsks-1(ok1255) III

Strain,
strain background
(C. elegans)

CB3388 CGC RRID:WB-STRAIN:CB3388 ncl-1(e1865) III

Strain,
strain background
(C. elegans)

CL2006 CGC RRID:WB-STRAIN:CL2006 dvIs2(pCL12
(unc-54:hu-Ab 1–42)
+pRF4)

Strain,
strain background
(C. elegans)

NL5901 CGC RRID:WB-STRAIN:NL5901 pkIs2386
[a-synuclein::
YFP unc-119(+)]

Strain,
strain background
(C. elegans)

MAH93 Other glp-1(ar202),
unc-119(ed3),
ItIs38[pAA1;
pie-1/GFP::
PH(PLCdelta1);
unc-119 (+)] III;
ItIs37[pAA64;
pie-1/mCHERRY
::his-58, unc-119
(+)]IV); gift from
M. Hansen

Strain,
strain background
(C. elegans)

MAH686 Other hlh-30(tm1978)
IV; gift from
M. Hansen

Continued on next page
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Continued

Reagent type
(species) or
resource Designation Source or reference Identifiers

Additional
information

Strain,
strain background
(C. elegans)

CMH5 DOI: 10.1371/
journal.pone.0159989

atfs-1(tm4525) V

Strain,
strain background
(C. elegans)

BC20306 Baillie Genome
GFP Project, Simon
Fraser University

RRID:WB:-STRAIN:BC20306 cyp-34A9::GFP

Cell line
(Homo sapiens)

HeLa ATCC Cat # CCL-2,
RRID:CVCL_0030

Cell line
(Mus musculus)

NIH 3T3 ATCC Cat # CRL-1658,
RRID:CVCL_0594

Cell line
(H. sapiens)

HEK293DAX DOI: 10.1016/
j.celrep.2013.03.024

Antibody anti-actin
(mouse monoclonal)

MP Biomedicals Cat # 08691001,
RRID:AB_2335127

(1:500)

Antibody anti-Hsp60
(mouse monoclonal)

ThermoFisher Cat # MA3-012,
RRID:AB_2121466

(1:250)

Antibody anti-Hsp70/72
(mouse monoclonal)

Enzo Cat # ADI-SPA-810,
RRID:AB_10616513

(1:1000)

Antibody anti-GRP78 (BiP)
(rabbit polyclonal)

Abcam Cat # ab21685,
RRID:AB_2119834

(1:1000, from
1 mg/ml)

Antibody IRDye 800CW
(secondary)

Li-Cor Cat # 926–32210,
RRID:AB_621842

(1:10000)

Antibody IRDye 800CW
(secondary)

Li-Cor Cat # 926–32211,
RRID:AB_621843

(1:10000)

Sequence-
based reagent

HSP60 forward
primer, 5’-
GCAGAGTTCCT
CAGAAGTTGG-3’

DOI: 10.1186/
s12974-016-0486-x

qRT-PCR

Sequence-
based reagent

HSP60 reverse
primer, 5’-
GCATCCAGTAA
GGCAGTTCTC-3’

DOI: 10.1186/
s12974-016-0486-x

qRT-PCR

Sequence-
based reagent

HSPA1A (HSP70)
forward primer, 5’-
GGAGGCGG
AGAAGTACA-3’

DOI: 10.1021/
cb500062n

qRT-PCR

Sequence-
based reagent

HSPA1A (HSP70)
reverse primer, 5’-
GCTGATGATG
GGGTTAACA-3’

DOI: 10.1021/
cb500062n

qRT-PCR

Sequence-
based reagent

hsp-16.1/.11 forward
primer, 5’-
ACCACTATTTC
CGTCCAGCT-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

hsp-16.1/.11 reverse
primer, 5’-
TGACGTTCCA
TCTGAGCCAT-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

hsp-16.2 forward
primer, 5’-
TCGATTGAAG
CGCCAAAGAA-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

hsp-16.2 reverse
primer, 5’-
TCTCTTCGAC
GATTGCCTGT-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Continued on next page
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Continued

Reagent type
(species) or
resource Designation Source or reference Identifiers

Additional
information

Sequence-
based reagent

hsp-16.41 forward
primer, 5’-
TCTTGGACGAA
CTCACTGGA-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

hsp-16.41 reverse
primer, 5’-
AGAGACATCGA
GTTGAACCGA-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

hsp-16.48/.49
forward primer, 5’-
CTCATGCTCCG
TTCTCCATT-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

hsp-16.48/.49
reverse
primer, 5’-
GAGTTGTGATCA
GCATTTCTCCA-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

GFP forward
primer, 5’-
GGTCCTTCTTG
AGTTTGTAAC-3’

DOI: 10.1074/
jbc.C100556200

qRT-PCR

Sequence-
based reagent

GFP reverse
primer, 5’-
CTCCACTGACA
GAAAATTTG-3’

DOI: 10.1074/
jbc.C100556200

qRT-PCR

Sequence-
based reagent

SDHA forward
primer, 5’-
TGGTGCTGGT
TGTCTCATTA-3’

DOI: 10.1134/
S0003683813090032

qRT-PCR

Sequence-
based reagent

SDHA reverse
primer, 5’-
ACCTTTCGCCT
TGACTGTT-3’

DOI: 10.1134/
S0003683813090032

qRT-PCR

Sequence-
based reagent

HSPC3 forward
primer, 5’-
ATGGAAGAGA
GCAAGGCAAA-3’

DOI: 10.1134/
S0003683813090032

qRT-PCR

Sequence-
based reagent

HSPC3 reverse
primer, 5’-
AATGCAGCAAG
GTGAAGACA-3’

DOI: 10.1134/
S0003683813090032

qRT-PCR

Sequence-
based reagent

crn-3 forward
primer, 5’-
GAATGCACTCAT
GAACAAAGTC-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

crn-3 reverse
primer, 5’-
TAATGTTCGACT
GATGAACCG-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

xpg-1 forward
primer, 5’-
ATTGAGAACAG
GATCATGAGG-3’

DOI: 10.7554/eLife.08833 qRT-PCR

Sequence-
based reagent

xpg-1 reverse
primer, 5’-ACTAGCA
ACTCGTTTATCATCC-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Sequence-
based reagent

rpl-6 forward
primer, 5’-ACTAGCAAC
TCGTTTATCATCC-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Continued on next page
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Continued

Reagent type
(species) or
resource Designation Source or reference Identifiers

Additional
information

Sequence-
based reagent

rpl-6 reverse
primer, 5’-
GACAGTCTTGG
AATGTCCGA-3’

DOI: 10.7554/
eLife.08833

qRT-PCR

Commercial
assay or kit

20S Proteasome
Activity Assay Kit

Chemicon
International

Cat # APT280

Commercial
assay or kit

RNeasy Mini Kit Qiagen Cat # 74104

Commercial
assay or kit

iScript RT-Supermix Bio-Rad Cat # 170–8841

Commercial
assay or kit

SsoAdvanced SYBR
Green Supermix

Bio-Rad Cat # 172–5264

Commercial
assay or kit

PROTEOSTAT Prot.
aggregation assay

Enzo Cat # ENZ-51023

Chemical
compound, drug

minocycline Mp Biomedicals Cat # 0215571891

Chemical
compound, drug

methyl viologen
hydrate (paraquat)

Acros Organics Cat # 227320010

Chemical
compound, drug

tunicamycin LKT Laboratories Cat # T8153

Chemical
compound, drug

thapsigargin Cayman Chemical Cat # 10522

Chemical
compound, drug

ISRIB R and D Systems Cat # 5284/10

Chemical
compound, drug

levamisole Mp Biomedicals Cat # 0215522810

Chemical
compound, drug

sodium arsenite Spectrum
Chemical

Cat # S1135

Chemical
compound, drug

cycloheximide Alfa Aesar Cat # J66901-03

Software,
algorithm

CellProfiler Broad Institute RRID:SCR_007358 a-synuclein::
YFP aggregate
number and worm
size analyses

Software,
algorithm

Bio-Rad
CFX Manager

Bio-Rad qRT-PCR analysis

Software,
algorithm

ImageQuant GE Healthcare
Life Sciences

RRID:SCR_014246 35S incorporation
analysis

C. elegans strains
The Bristol strain (N2) was used as the wild-type strain. The following worm strains used in this study

were obtained from the Caenorhabditis Genetics Center (CGC; Minneapolis, MN) unless otherwise

noted. CL2166 [dvIs19 [(pAF15)gst-4p::GFP::NLS]], SJ4005 [zcIs4 [hsp-4p::GFP]], SJ4100 [zcIs13 [hsp-

6p::GFP]], CL2070 [dvIs70 [hsp-16.2p::GFP + rol-6(su1006)]], SJ17 [xbp-1(zc12); zcIs4], QV225 [skn-1

(zj15)], PS3551 [hsf-1(sy441)], CF1038 [daf-16(mu86)], CB369 [unc-51(e369)], RB1206 [rsks-1(ok1255)],

CB3388 [ncl-1(e1865)], CL2006 [dvIs2(pCL12(unc-54:hu-Ab 1–42)+pRF4)], NL5901 [pkIs2386 [a-synu-

clein::YFP unc-119(+)]]. Strains were backcrossed at least three times prior to experimental analysis.

MAH93 [glp-1(ar202), unc-119(ed3), ItIs38[pAA1; pie 1/GFP::PH(PLCdelta1); unc-119 (+)]; ItIs37

[pAA64; pie-1/mCHERRY::his-58, unc-119 (+)]] and MAH686 [hlh-30(tm1978)] were gifts from Malene

Hansen and Caroline Kumsta and atfs-1(tm4525) V was a gift from Cole Haynes (Nargund et al.,

2012). BC20306 [cyp-34A9p::GFP] was received from Baillie Genome GFP Project (Simon Fraser Uni-

versity, Burnaby, Vancouver, Canada).
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Worm stress imaging
1000 – 2000 age-synchronized L1 GFP reporter animals were plated into 6 cm culture plates with liq-

uid medium (S-complete medium with 50 mg/ml carbenicillin and 0.1 mg/ml fungizone [Amphotericin

B]) containing 6 mg/ml Escherichia coli OP50 (1.5 � 108 colony-forming units [cfu]/ml, carbenicillin-

resistant to exclude growth of other bacteria), freshly prepared 4 days in advance, as previously

described (Solis and Petrascheck, 2011), and were maintained at 20˚C. The final volume in each

plate was 7 ml. To prevent self-fertilization, 5-fluoro-2’-deoxyuridine (FUDR, 0.12 mM final) (Sigma-

Aldrich, cat # 856657) was added 42 – 45 hr after seeding. With day 1 being the first day of young

adulthood (first day past the L4 stage), various stressors were added to each strain at different time

points: 0.5 mM arsenite to day 1/day 5/day 8 CL2166 gst-4p::GFP and imaged 5 hr later, 0.5 mM

paraquat to the late L4/day 4/day 7 stage of SJ4100 hsp-6p::GFP and imaged 24 hr later, 5 mg/ml

tunicamycin to day 1/day 5/day 8 SJ4005 hsp-4p::GFP and imaged 8 hr later and a 1.5 hr heat shock

at 35˚C followed by recovery at 20˚C to day 1/day 5/day 8 CL2070 hsp-16.2p::GFP and imaged 8 hr

later. Worm GFP intensity was quantified using a COPAS FP BIOSORT (Union Biometrica) and ani-

mals were sorted into 96-well plates and imaged using an ImageXpress Micro XL High-Content

screening system (Molecular Devices) with a 2x objective. To determine minocycline’s affect on GFP

expression, 100 mM minocycline was added 2 hr prior to each stressor at the day 4/day 5 stage.

Lifespan assay
Age-synchronized C. elegans were prepared in liquid medium (S-complete medium with 50 mg/ml

carbenicillin and 0.1 mg/ml fungizone) in flat-bottom, optically clear 96-well plates (Corning, cat #

351172) containing 150 ml total volume per well, as previously described (Solis and Petrascheck,

2011). Plates contained ~10 animals per well in 6 mg/ml OP50. All experiments with minocycline

were prepared with g-irradiated OP50. Age-synchronized animals were seeded as L1 larvae and

grown at 20˚C. Plates were covered with sealers to prevent evaporation. To prevent self-fertilization,

FUDR (0.12 mM final) was added 42 – 45 hr after seeding. Drugs were added on the days indicated

and survival was scored manually by visualizing worm movement using an inverted microscope 3x/

week. When used, DMSO was kept to a final concentration of 0.33% v/v. Statistical analysis was per-

formed using the Mantel–Haenszel version of the log-rank test as outlined in Petrascheck and Miller

(Petrascheck and Miller, 2017).

a-synuclein::YFP imaging
NL5901 (pkIs2386 [a-synuclein::YFP unc-119(+)]) age-synchronized animals were treated with water

on day 1 or 100 mM minocycline on days 1, 5 or 8. On days 8, 11, 16 or 19, 10 – 15 water- and mino-

cycline-treated animals of each treatment stage were transferred to glass slides containing 3% aga-

rose pads and paralyzed by adding a drop of a 1 mM levamisole solution dissolved in M9 buffer.

Brightfield and fluorescence images were taken with a 20x objective using the ImageXpress Micro

XL. The number of a-synuclein aggregates in the pharynx region of each worm (25% of total body

length) were determined by analyzing images using a custom pipeline created in CellProfiler

software.

CL2006 abeta paralysis
Day 1 CL2006 (dvIs2(pCL12(unc-54:hu-Ab 1–42)+pRF4)) synchronized animals were treated with water

or 100 mM minocycline. On day 4, 50 – 100 animals each were transferred to three NGM plates and

placed at 37˚C for 2 hr. After heat shock, animals were scored to determine the number of paralyzed

animals. Animals were marked as paralyzed if they did not show mid-body movement upon light

touch to the pharynx with a worm pick.

Thermotolerance
Age-synchronized N2 animals were prepared in 6 cm culture plates and treated with water or 100

mM minocycline on day 1. On evening day 4, 30 – 50 animals each were transferred to 6 cm NGM

plates in triplicate for each condition and heat stress was induced at 35˚C. The first survival measure-

ment was taken 8 hr later by lightly touching animals with a worm pick and scoring for movement.

Plates were kept at 35˚C and measurements of survival were taken every 2 hr until nearly all water-

treated N2s were dead.
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Paraquat stress resistance assay
Resistance to oxidative stress was determined by measuring survival of untreated and minocycline-

treated animals after a 24 hr exposure to the ROS-generator paraquat (methyl viologen hydrate;

Acros Organics, cat # 227320010). Experimental C. elegans cultures were set up as described in Life-

span Assay. Water or 100 mM minocycline was added on day 1. Paraquat was added to a final con-

centration of 0, 15, 25, 50, 75 and 100 mM on day 5 of adulthood and survival of animals was

assessed 24 hr after paraquat addition. It’s important to note, we only saw protection from para-

quat-induced death when using dead, g-irradiated OP50 and did not see protection when using live

OP50.

Iodoacetamide isoTOP-ABPP
20,000 age-synchronized N2 C. elegans were grown in liquid culture in 15 cm culture plates (Corn-

ing, cat # 351058), two plates per condition. Animals were treated with water or 100 mM minocycline

on day 5. Animals were collected on day 8, washed 3x with cold DPBS (Gibco, cat # 14190 – 136)

and flash-frozen in liquid nitrogen. 50 ml 1.4 mm zirconium oxide beads (Precellys, cat # 03961-1-

103) and 50 ml 0.5 mm glass beads (Precellys, cat # 03961-1-104) were added to each sample and

animals were lysed using a Precellys 24 tissue homogenizer. Bradford assay (Bio-rad, cat # 5000002)

was used to determine protein concentration for each sample for normalization. Proteome sample (1

mg) was treated with 100 mM IA-alkyne probe by adding 5 ml of a 10 mM probe stock (in DMSO).

The labeling reactions were incubated at room temperature for 1 hr, after which the samples were

conjugated to isotopically labeled, TEV-cleavable tags (TEV tags) by copper-catalyzed azide-alkyne

cycloaddition (CuACC or ‘click chemistry’). Heavy click chemistry reaction mixture (60 ml) was added

to the water-treated control sample, and light reaction mixture (60 ml) was added to the minocy-

cline-treated sample. The click reaction mixture consisted of TEV tags [10 ml of a 5 mM stock, light

(minocycline-treated) or heavy (water treated)], CuSO4 (10 ml of a 50 mM stock in water), and tris

(benzyltriazolylmethyl) amine (30 ml of a 1.7 mM stock in 4:1 tBuOH/DMSO), to which tris(2- carbox-

yethyl)phosphine (10 ml of a 50 mM stock) was added. The reaction was performed for 1 hr at room

temperature. The light- and heavy-labeled samples were then centrifuged at 16,000 x g for 5 min at

4˚C to harvest the precipitated proteins. The resulting pellets were resuspended in 500 ml of cold

methanol by sonication, and the heavy and light samples were combined pairwise. Combined pellets

were then washed with cold methanol, after which the pellet was solubilized by sonication in DPBS

with 1.2% SDS. The samples were heated at 90˚C for 5 min and subjected to streptavidin enrichment

of probe-labeled proteins, sequential on-bead trypsin and TEV digestion, and liquid chromatogra-

phy–tandem mass spectrometry.

RAW Xtractor (version 1.9.9.2; available at http://fields.scripps.edu/ downloads.php) was used to

extract the MS2 spectra data from the raw files (MS2 spectra data correspond to the fragments ana-

lyzed during the second stage of mass spectrometry). MS2 data were searched against a reverse

concatenated, nonredundant variant of the C. elegans UniProt database (release, 2017_09) with the

ProLuCID algorithm (publicly available at http://fields.scripps.edu/downloads.php). Cysteine residues

were searched with a static modification for carboxyamidomethylation (+57.02146) and up to one

differential modification for either the light or heavy TEV tags (+464.28595 or+470.29976, respec-

tively). Peptides were required to have at least one tryptic terminus and to contain the TEV modifica-

tion. ProLuCID data were filtered through DTASelect (version 2.0) to achieve a peptide false-positive

rate below 1%.

The quantification of light/heavy ratios (isoTOP-ABPP ratios, R values) was performed by in-house

CIMAGE software using default parameters (three MS1s per peak and a signal-to-noise threshold of

2.5). See Figure 3—source data 1 for additional filtering parameters.

Offspring assay
N2 animals were age-synchronized and allowed to grow in liquid medium in a 6 cm plate. By the L4

stage, a single worm was transferred into each well in the first column of a 96-well plate (eight ani-

mals) containing liquid medium without FUDR, two plates per condition. On day 1, animals were

treated with water or 100 mM minocycline. Every 24 hr, the adult animals were transferred to the

well in the next column over and progeny was scored from the previous well using an inverted micro-

scope. This process was continued until day 5 of adulthood.
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Worm size assay
Animals prepared as in the lifespan assay and treated with water or 100 mM minocycline on day 1

were imaged across 4 days using a 10x objective with the ImageXpress Micro XL and the length in

pixels of each worm measured was determined using CellProfiler analysis software.

Metabolic mass spectrometry
Animals and bacteria were metabolically labeled with the desired nitrogen isotope (14N or 15N) as

previously described (Gomez-Amaro et al., 2015). After a minimum of three generations, ~20,000

age-synchronized larvae per condition were transferred to 15 cm culture dishes and cultured in liquid

medium plus metabolically labeled 14N (experimental) or 15N (mixed-population standard) bacteria

(6 mg/ml). Water or 100 mM minocycline were added and animals were collected at different time

points (L4fiday 1, day 5fiday 6, day 5fiday 8). To control for differences in protein content due to

minocycline treatment, samples were normalized by RNA concentration.

Lysed animals were prepared for mass spectrometry by precipitation in 13% trichloroacetic acid

(TCA) overnight at 4˚C. The protein pellet was collected by centrifugation at maximum speed for 20

min. The pellet was washed with 10% TCA and spun again for 10 min at 4˚. The pellet was then

washed with ice cold acetone and spun for an additional 10 min at 4˚. The protein pellet was resus-

pended in 100 – 200 ml of 100 mM ammonium bicarbonate with 5% (v/v) acetonitrile. Then 10% (by

volume) of 50 mM DTT was added and the sample was incubated for 10 min at 65˚. This incubation

was followed by the addition of 10% (by volume) of 1 mM iodoacetic acid (IAA) and a 30 min incuba-

tion at 30˚ in the dark. A total of 5 mg of trypsin was added to each sample and incubated overnight

at 37˚. Trypsinized samples were then cleaned up for mass spectrometry using PepClean columns

(Pierce) following the manufacturer’s directions. Clean samples were dried in a speed vacuum and

then resuspended in 10 ml of 5% acetonitrile with 0.1% (v/v) formic acid. Samples were spun at high

speed to remove particulates before placing in mass spectrometry tubes for analysis.

Samples were analyzed on an ABSCIEX 5600 Triple time of flight (TOF) mass spectrometer cou-

pled to an Eksigent nano-LC Ultra equipped with a nanoflex cHiPLC system. Conditions on the

ABSCIEX 5600 were as follows: The source gas conditions were optimized for each experiment and

were generally set to GS1 = 8–12, GS2 = 0, and curtain gas = 25. The source temperature was set to

150˚. Information dependent acquisition experiments were run with a 2 s cycle time, with 0.5 ms

accumulation time in the MS1 scan and up to 20 candidate ions per MS/MS time period. The m/z

range in the MS1 scans was 400 – 1250 Da, and 100 – 1800 Da for the MS/MS scans. Target ions

were excluded after two occurrences for 12 s to increase sequencing coverage. Target ions with +2

to+5 charge were selected for sequencing once they reached a threshold of 100 counts per second.

Conditions for the Eksigent nano-HPLC were as follows: Gradients were run with a trap-and-elute

setup with water plus 0.1% (v/v) formic acid as the mobile phase A and acetonitrile with 0.1% (v/v)

formic acid as mobile phase B. Samples were loaded onto a 200 mm � 0.5 mm ChromXP C18-CL 3

mm 120 Å Trap column at 2 ml/min. Gradients were run from 5% mobile phase A to 40% mobile

phase B over 2 hr on a 75 mm � 15 cm ChromXP C-18-CL 3 mm 120 Å analytical column. This was fol-

lowed by a rapid jump to 80% B for 10 min to clean the column and a 20 min reequilibration at 95%

A. Water sample blanks were run between samples to rid the column of any residual interfering pep-

tides, including a short gradient, followed by the 80% B and 20 min reequilibration with 5% A.

Data were converted using the ABSCIEX conversion software to mgf format and MZML format.

The peak list was generated by searching a SwissProt database using MASCOT, with the taxonomy

set to C. elegans and E. coli simultaneously (Matrix Science). An MS/MS Ion search was performed

using the 15N quantification, with a peptide mass tolerance of ±0.1 Da and a fragment mass toler-

ance of ±0.1 Da. The maximum number of missed cleavages was set to 2. MS1 scans for identified

peptides were fit to three isotope distributions using ISODIST.

20S proteasome assay
2500 age-synchronized animals were grown on 10-cm culture plates (Corning, cat # 351029) per con-

dition in liquid medium. Water or 100 mM minocycline were added on day 1. On day 5, animals were

collected and washed 3x with cold DPBS, then once with 1x assay buffer (Chemicon International,

cat # APT280). Animals were lysed with Precellys homogenizer and spun down at 12,000 x g for 5

min. Protein concentrations were measured and normalized using Bradford assay. 20S proteasome
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activity was measured for each lysate according to the protocol (Chemicon International, cat #

APT280). 200 mg of samples were loaded with assay mixture into each well of a UV-transparent 96-

well plate and incubated for 1 hr at 37˚C. Fluorescence was measured on the Tecan Safire II with a

380/460 nm filter set.

Cell culture authentication and testing
HeLa cells (ATCC CCL-2) or NIH 3T3 cells (ATCC CRL-1658) were directly obtained from ATCC.

Mycoplasma testing was done every 6 months through TSRI. The identity of the HEK293DAX cells

was verified by the induction of ATF6 through TMP.

35S Incorporation
HeLa cells (ATCC CCL-2) or NIH 3T3 cells (ATCC CRL-1658) were grown at 37˚C and plated onto a

six-well plate (Corning, cat # 353046) in DMEM (Life Technologies, cat # 11995073) supplemented

with 10% FBS (ATCC, cat # 30 – 2021) and penicillin-streptomycin and the indicated concentrations

of cycloheximide or minocycline were added to 70% confluent cells and incubated for 6 hr. DMEM

culture media was removed and wells were washed 2x with warm DPBS. 2 ml of a DMEM solution

without methionine or cysteine (Life Technologies, cat # 21013024) supplemented with 10% dialyzed

FBS (VWR Intl., cat # 101301 – 494) and [35S]-methionine/cysteine (PerkinElmer, cat #

NEG772002MC) was added to each well for 1 hr. Media was removed and wells were washed 2x

with cold DPBS and 200 ml of cold RIPA buffer (Fisher Scientific, cat # 507513771) with protease

inhibitor (cOmplete mini EDTA-free, Sigma-Aldrich, cat # 11836170001) was added to each well for

15 min on ice. Lysates were collected and spun down at 5000 g for 10 min. Samples normalized by

protein concentration, determined by Bradford assay, were run on an SDS-PAGE gel. The gel was

stained with Coomassie Brilliant Blue G-250 (MP Biomedicals, cat # 0219034325), imaged for loading

control, dried and exposed overnight to a phosphor screen and imaged again using a Typhoon 9400

imager. Lanes were quantified using ImageQuant software (GE Healthcare Life Sciences).

Polysome profile
HeLa cells were grown on 10 cm culture plates (Olympus Plastics, #25 – 202) at 37˚C in DMEM cul-

ture media supplemented with 10% FBS and penicillin-streptomycin and water or 100 mM minocy-

cline was added to 70% confluent cells for 12 hr. 100 mg/ml cycloheximide was added to each plate

for 10 min. On ice, medium was removed, plates were washed 2x with cold wash buffer (DPBS sup-

plemented with 100 mg/ml cycloheximide) and cells were removed in 1 ml wash buffer using a cell

scraper. Cells were transferred to eppendorf tubes and spun down for 5 min at 2300 g at 4˚C. Super-
natant was removed and 300 ml cold hypotonic buffer (1.5 mM KCl, 10 mM MgCl2, 5 mM Tris-HCl,

pH 7.4, 100 mg/ml cycloheximide) was added and gently mixed. 300 ml cold hypotonic lysis buffer

(2% sodium deoxycholate, 2% Triton X-100, 2.5 mM DTT, 100 mg/ml cycloheximide, and 10 units of

RNAsin/ml in hypotonic buffer) was added and cells were homogenized by using 10 strokes with a

glass dounce homogenizer on ice. Samples were spun down at 2300 x g for 10 min at 4˚C. Superna-
tants were transferred to fresh eppendorf tubes and RNA concentration was determined by measur-

ing the A260. 2 mg RNA were loaded onto 17 – 51% sucrose gradients prepared with a gradient

maker in SW41 tubes (Denville, cat # U5030). Tubes were centrifuged at 40,000 rpm for 2.5 hr at 4˚C
using an SW41 rotor. OD260 was measured for each sample using an online Isco Model UA-5 Absor-

bance/Fluorescence Monitor.

HSP western blot
HeLa cells were grown on 10 cm culture plates at 37˚C in DMEM supplemented with 10% FBS and

penicillin-streptomycin and water or 100 mM minocycline was added for 12 hr to 70% confluent cells.

Cells were transferred to 43˚C for a 1 hr heat shock, then returned to 37˚C for a 6 hr recovery period.

Plates were washed 2x with cold DPBS, then 500 ml cold RIPA buffer containing protease inhibitor

was added for 15 min on ice. Lysates were collected, normalized by RNA concentration, run on an

SDS-PAGE gel and transferred for immunoblot detection. Anti-actin (MP Biomedicals, cat #

08691001), anti-Hsp60 (ThermoFisher, cat # MA3-012) and anti-Hsp70/72 (Enzo, cat # ADI-SPA-810)

primary antibodies and IRDye 800CW secondary antibody (Li-Cor, cat # 926 – 32210) were used for

detection.
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Quantitative real-time PCR (qRT-PCR) and data analysis
All qRT-PCR experiments were conducted according to the MIQE guidelines (Bustin et al., 2009),

except that samples were not tested in a bio-analyzer, but photometrically quantified using a Nano-

drop. HeLa cells were grown as described above to 70% confluency and treated with or without 100

mM minocycline, two 10 cm plates per condition. 12 hr after treatment, one each of the untreated

and minocycline-treated plates were subjected to a 1 hr heat shock at 43˚C and returned to 37˚C for

a 3 hr recovery. Cells were collected and RNA was extracted as described in the Qiagen RNeasy

mini kit protocol (Qiagen, cat # 74104). Cell culture plates were washed two times with warm DPBS,

followed by addition of Buffer RLT. Cells were removed from plates with a cell scraper and collected

in eppendorf tubes. RNeasy spin columns were used to purify RNA and on-column DNase digestion

was performed. For C. elegans samples,~2000 age-synchronized day 1 CL2070 hsp-16.2p::GFP ani-

mals cultured in 10 cm plates were treated with water or 100 mM minocycline for 2 hr prior to induc-

ing heat shock at 35˚C for 1.5 hr, and harvested immediately after. Harvested animals were washed

three times in ice cold DPBS and frozen in liquid nitrogen. To extract RNA, frozen animals were re-

suspended in ice-cold Trizol (Qiagen, cat # 79306), zirconium beads, and glass beads in the ratio of

5:1:1 respectively, and disrupted in Precellys lysing system (6500 rpm, 3 � 10 s cycles) followed by

chloroform extraction. RNA was precipitated using isopropanol and washed once with 75% ethanol

followed by DNAse (Sigma-Aldrich, cat # AMPD1-1KT) treatment.

For all RNA samples, reverse transcription was carried out using iScript RT-Supermix (Bio-Rad, cat

# 170 – 8841) at 42˚C for 30 min. Quantitative PCR reactions were set up in 384-well plates (Bio-Rad,

cat # HSP3901), which included 2.5 ml Bio-Rad SsoAdvanced SYBR Green Supermix (cat # 172 –

5264), 1 ml cDNA template (2.5 ng/ml, to final of 0.5 ng/ml in 5 ml PCR reaction), 1 ml water, and 0.5

ml of forward and reverse primers (150 nM final concentration). Quantitative PCR was carried out

using a Bio-Rad CFX384 Real-Time thermocycler (95˚C, 3 min; 40 cycles of 95˚C 10 s, 60˚C 30 s;

Melting curve: 95˚C 5 s, 60–95˚C at 0.5˚C increment, 10 s). Gene expression was normalized to two

references genes for the HeLa cell samples, SDHA and HSPC3, and three reference genes for C. ele-

gans samples, crn-3, xpg-1 and rpl-6, using the Bio-Rad CFX Manager software. Statistical signifi-

cance was determined using Student’s t-test

HEK293DAXwestern blot
HEK293DAX cells were grown on 6-well plates at 37˚C in DMEM supplemented with 10% FBS and

penicillin-streptomycin. Water or 100 mM minocycline was added with or without 20 uM trimetho-

prim for 12 hr to 70% confluent cells. Plates were washed 2x with cold DPBS, then 200 ml cold RIPA

buffer containing protease inhibitor was added for 15 min on ice. Lysates were collected, normalized

by RNA concentration, run on an SDS-PAGE gel and transferred for immunoblot detection. Anti-

actin and anti-GRP78 BiP primary (Abcam, cat # ab21685) antibodies and IRDye 800CW (Li-Cor,

anti-mouse, cat # 926 – 32210 and anti-rabbit, cat # 926 – 32211) secondary antibodies were used

for detection.

ProteoStat aggregation assay
~70% confluent HeLa cells plated on two 6-well plates were treated for 6 hr with water or 100 mM

minocycline, three wells per treatment. One plate was heat shocked for 1 hr at 43˚C followed by a 1

hr recovery period at 37˚C. Wells were washed two times with cold DPBS and then incubated on ice

for 15 min with cold RIPA +protease inhibitor. Lysate for each well was collected and spun down at

5000 x g for 10 min. Protein concentration was measured for each sample using and all samples

were normalized. Aggregation was measured using the PROTEOSTAT detection reagent (Enzo, cat

# ENZ-51023) for 10 mg protein of each sample. Fluorescence was measured with excitation of 550

nm and emission at of 600 nm on a Tecan Sapphire two plate reader over a 30-min period, with one

reading per minute. Fluorescence values for each sample were averaged over the 30-min period to

determine a corresponding aggregate value normalized to the water treated samples.

ISRIB translation
HeLa cells were plated onto a 6-well plate in DMEM culture media supplemented with 10% FBS and

penicillin-streptomycin and ISRIB (200 nM) (R and D Systems, cat # 5284/10). Minocycline (100 mM),

thapsigargin (200 nM) (Cayman Chemical, cat # 10522) or different combinations of the three were
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added to 70% confluent cells and incubated for 3 hr (ISRIB and/or thapsigargin-treated samples) or

6 hr (minocycline-treated samples). 35S incorporation was measured using the protocol described

above (35S incorporation).

Yeast lifespan assay
Yeast RLS assays were performed by isolating virgin daughter cells of the BY4741 strain and then

allowed to grow into mother cells while their corresponding daughters were microdissected and

counted, until the mother cell could no longer divide. Data were analyzed using the Wilcoxon rank-

sum test.
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Caballero A, Ugidos A, Liu B, Öling D, Kvint K, Hao X, Mignat C, Nachin L, Molin M, Nyström T. 2011. Absence
of mitochondrial translation control proteins extends life span by activating sirtuin-dependent silencing.
Molecular Cell 42:390–400. DOI: https://doi.org/10.1016/j.molcel.2011.03.021, PMID: 21549315

Cai Z, Zhao Y, Yao S, Bin Zhao B. 2011. Increases in b-amyloid protein in the hippocampus caused by diabetic
metabolic disorder are blocked by minocycline through inhibition of NF-kB pathway activation.
Pharmacological Reports 63:381–391. DOI: https://doi.org/10.1016/S1734-1140(11)70504-7, PMID: 21602593

Cai Z, Yan Y, Wang Y. 2013. Minocycline alleviates beta-amyloid protein and tau pathology via restraining
neuroinflammation induced by diabetic metabolic disorder. Clinical Interventions in Aging 8:1089–1095.
DOI: https://doi.org/10.2147/CIA.S46536, PMID: 23983461

Choe YJ, Park SH, Hassemer T, Körner R, Vincenz-Donnelly L, Hayer-Hartl M, Hartl FU. 2016. Failure of RQC
machinery causes protein aggregation and proteotoxic stress. Nature 531:191–195. DOI: https://doi.org/10.
1038/nature16973, PMID: 26934223

Choi SH, Lee DY, Chung ES, Hong YB, Kim SU, Jin BK. 2005. Inhibition of thrombin-induced microglial activation
and NADPH oxidase by minocycline protects dopaminergic neurons in the substantia nigra in vivo. Journal of
Neurochemistry 95:1755–1765. DOI: https://doi.org/10.1111/j.1471-4159.2005.03503.x, PMID: 16219027

Choi Y, Kim HS, Shin KY, Kim EM, Kim M, Kim HS, Park CH, Jeong YH, Yoo J, Lee JP, Chang KA, Kim S, Suh YH.
2007. Minocycline attenuates neuronal cell death and improves cognitive impairment in Alzheimer’s disease

Solis et al. eLife 2018;7:e40314. DOI: https://doi.org/10.7554/eLife.40314 25 of 29

Research Communication Biochemistry and Chemical Biology

https://doi.org/10.7554/eLife.40314.022
https://doi.org/10.7554/eLife.40314.023
https://doi.org/10.7554/eLife.40314.018
https://doi.org/10.7554/eLife.40314.019
https://doi.org/10.7554/eLife.40314.020
https://doi.org/10.1093/jac/dkl224
http://www.ncbi.nlm.nih.gov/pubmed/16816396
https://doi.org/10.1007/s10646-011-0804-0
http://www.ncbi.nlm.nih.gov/pubmed/22037694
https://doi.org/10.1371/journal.pgen.1002760
https://doi.org/10.1371/journal.pgen.1002760
http://www.ncbi.nlm.nih.gov/pubmed/22719267
https://doi.org/10.1126/science.1141448
http://www.ncbi.nlm.nih.gov/pubmed/18276881
https://doi.org/10.1073/pnas.1412192112
http://www.ncbi.nlm.nih.gov/pubmed/25561524
https://doi.org/10.1093/bioinformatics/btp101
http://www.ncbi.nlm.nih.gov/pubmed/19237447
https://doi.org/10.1016/S0092-8674(00)00216-6
http://www.ncbi.nlm.nih.gov/pubmed/11163189
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
https://doi.org/10.1016/j.molcel.2011.03.021
http://www.ncbi.nlm.nih.gov/pubmed/21549315
https://doi.org/10.1016/S1734-1140(11)70504-7
http://www.ncbi.nlm.nih.gov/pubmed/21602593
https://doi.org/10.2147/CIA.S46536
http://www.ncbi.nlm.nih.gov/pubmed/23983461
https://doi.org/10.1038/nature16973
https://doi.org/10.1038/nature16973
http://www.ncbi.nlm.nih.gov/pubmed/26934223
https://doi.org/10.1111/j.1471-4159.2005.03503.x
http://www.ncbi.nlm.nih.gov/pubmed/16219027
https://doi.org/10.7554/eLife.40314


models. Neuropsychopharmacology 32:2393–2404. DOI: https://doi.org/10.1038/sj.npp.1301377,
PMID: 17406652

Clark-Walker GD, Linnane AW. 1966. In vivo differentiation of yeast cytoplasmic and mitochondrial protein
synthesis with antibiotics. Biochemical and Biophysical Research Communications 25:8–13. DOI: https://doi.
org/10.1016/0006-291X(66)90631-0, PMID: 5971759

Das I, Krzyzosiak A, Schneider K, Wrabetz L, D’Antonio M, Barry N, Sigurdardottir A, Bertolotti A. 2015.
Preventing proteostasis diseases by selective inhibition of a phosphatase regulatory subunit. Science 348:239–
242. DOI: https://doi.org/10.1126/science.aaa4484, PMID: 25859045

Dillin A, Crawford DK, Kenyon C. 2002a. Timing requirements for insulin/IGF-1 signaling in C. elegans. Science
298:830–834. DOI: https://doi.org/10.1126/science.1074240, PMID: 12399591

Dillin A, Hsu AL, Arantes-Oliveira N, Lehrer-Graiwer J, Hsin H, Fraser AG, Kamath RS, Ahringer J, Kenyon C.
2002b. Rates of behavior and aging specified by mitochondrial function during development. Science 298:
2398–2401. DOI: https://doi.org/10.1126/science.1077780, PMID: 12471266

Dues DJ, Andrews EK, Schaar CE, Bergsma AL, Senchuk MM, Van Raamsdonk JM. 2016. Aging causes
decreased resistance to multiple stresses and a failure to activate specific stress response pathways. Aging 8:
777–795. DOI: https://doi.org/10.18632/aging.100939, PMID: 27053445

Ferretti MT, Allard S, Partridge V, Ducatenzeiler A, Cuello AC. 2012. Minocycline corrects early, pre-plaque
neuroinflammation and inhibits BACE-1 in a transgenic model of Alzheimer’s disease-like amyloid pathology.
Journal of Neuroinflammation 9:62. DOI: https://doi.org/10.1186/1742-2094-9-62, PMID: 22472085

Festoff BW, Ameenuddin S, Arnold PM, Wong A, Santacruz KS, Citron BA. 2006. Minocycline neuroprotects,
reduces microgliosis, and inhibits caspase protease expression early after spinal cord injury. Journal of
Neurochemistry 97:1314–1326. DOI: https://doi.org/10.1111/j.1471-4159.2006.03799.x, PMID: 16638021

Frank DJ, Roth MB. 1998. ncl-1 is required for the regulation of cell size and ribosomal RNA synthesis in
Caenorhabditis elegans. The Journal of Cell Biology 140:1321–1329. DOI: https://doi.org/10.1083/jcb.140.6.
1321, PMID: 9508766

Garrido-Mesa N, Zarzuelo A, Gálvez J. 2013. Minocycline: far beyond an antibiotic. British Journal of
Pharmacology 169:337–352. DOI: https://doi.org/10.1111/bph.12139, PMID: 23441623

Gomez-Amaro RL, Valentine ER, Carretero M, LeBoeuf SE, Rangaraju S, Broaddus CD, Solis GM, Williamson JR,
Petrascheck M. 2015. Measuring Food Intake and Nutrient Absorption in Caenorhabditis elegans. Genetics
200:443–454. DOI: https://doi.org/10.1534/genetics.115.175851, PMID: 25903497

Gordon PH, Moore DH, Miller RG, Florence JM, Verheijde JL, Doorish C, Hilton JF, Spitalny GM, MacArthur RB,
Mitsumoto H, Neville HE, Boylan K, Mozaffar T, Belsh JM, Ravits J, Bedlack RS, Graves MC, McCluskey LF,
Barohn RJ, Tandan R. Western ALS Study Group. 2007. Efficacy of minocycline in patients with amyotrophic
lateral sclerosis: a phase III randomised trial. The Lancet Neurology 6:1045–1053. DOI: https://doi.org/10.1016/
S1474-4422(07)70270-3, PMID: 17980667

Han J, Back SH, Hur J, Lin YH, Gildersleeve R, Shan J, Yuan CL, Krokowski D, Wang S, Hatzoglou M, Kilberg MS,
Sartor MA, Kaufman RJ. 2013. ER-stress-induced transcriptional regulation increases protein synthesis leading
to cell death. Nature Cell Biology 15:481–490. DOI: https://doi.org/10.1038/ncb2738, PMID: 23624402

Han S, Schroeder EA, Silva-Garcı́a CG, Hebestreit K, Mair WB, Brunet A. 2017. Mono-unsaturated fatty acids link
H3K4me3 modifiers to C. elegans lifespan. Nature 544:185–190. DOI: https://doi.org/10.1038/nature21686,
PMID: 28379943

Hansen M, Taubert S, Crawford D, Libina N, Lee SJ, Kenyon C. 2007. Lifespan extension by conditions that
inhibit translation in Caenorhabditis elegans. Aging Cell 6:95–110. DOI: https://doi.org/10.1111/j.1474-9726.
2006.00267.x, PMID: 17266679

Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL, Wilkinson JE, Frenkel K, Carter CS,
Pahor M, Javors MA, Fernandez E, Miller RA. 2009. Rapamycin fed late in life extends lifespan in genetically
heterogeneous mice. Nature 460:392–395. DOI: https://doi.org/10.1038/nature08221, PMID: 19587680

Henis-Korenblit S, Zhang P, Hansen M, McCormick M, Lee SJ, Cary M, Kenyon C. 2010. Insulin/IGF-1 signaling
mutants reprogram ER stress response regulators to promote longevity. PNAS 107:9730–9735. DOI: https://
doi.org/10.1073/pnas.1002575107, PMID: 20460307

Houtkooper RH, Mouchiroud L, Ryu D, Moullan N, Katsyuba E, Knott G, Williams RW, Auwerx J. 2013.
Mitonuclear protein imbalance as a conserved longevity mechanism. Nature 497:451–457. DOI: https://doi.org/
10.1038/nature12188, PMID: 23698443

Huang CL, Lee YC, Yang YC, Kuo TY, Huang NK. 2012. Minocycline prevents paraquat-induced cell death
through attenuating endoplasmic reticulum stress and mitochondrial dysfunction. Toxicology Letters 209:203–
210. DOI: https://doi.org/10.1016/j.toxlet.2011.12.021, PMID: 22245251

Jésus P, Fayemendy P, Nicol M, Lautrette G, Sourisseau H, Preux PM, Desport JC, Marin B, Couratier P. 2018.
Hypermetabolism is a deleterious prognostic factor in patients with amyotrophic lateral sclerosis. European
Journal of Neurology 25:97–104. DOI: https://doi.org/10.1111/ene.13468, PMID: 28940704

Jiang D, Rauda I, Han S, Chen S, Zhou F. 2012. Aggregation pathways of the amyloid b(1-42) peptide depend on
its colloidal stability and ordered b-sheet stacking. Langmuir 28:12711–12721. DOI: https://doi.org/10.1021/
la3021436, PMID: 22870885

Kaeberlein M, Powers RW, Steffen KK, Westman EA, Hu D, Dang N, Kerr EO, Kirkland KT, Fields S, Kennedy BK.
2005. Regulation of yeast replicative life span by TOR and Sch9 in response to nutrients. Science 310:1193–
1196. DOI: https://doi.org/10.1126/science.1115535, PMID: 16293764

Solis et al. eLife 2018;7:e40314. DOI: https://doi.org/10.7554/eLife.40314 26 of 29

Research Communication Biochemistry and Chemical Biology

https://doi.org/10.1038/sj.npp.1301377
http://www.ncbi.nlm.nih.gov/pubmed/17406652
https://doi.org/10.1016/0006-291X(66)90631-0
https://doi.org/10.1016/0006-291X(66)90631-0
http://www.ncbi.nlm.nih.gov/pubmed/5971759
https://doi.org/10.1126/science.aaa4484
http://www.ncbi.nlm.nih.gov/pubmed/25859045
https://doi.org/10.1126/science.1074240
http://www.ncbi.nlm.nih.gov/pubmed/12399591
https://doi.org/10.1126/science.1077780
http://www.ncbi.nlm.nih.gov/pubmed/12471266
https://doi.org/10.18632/aging.100939
http://www.ncbi.nlm.nih.gov/pubmed/27053445
https://doi.org/10.1186/1742-2094-9-62
http://www.ncbi.nlm.nih.gov/pubmed/22472085
https://doi.org/10.1111/j.1471-4159.2006.03799.x
http://www.ncbi.nlm.nih.gov/pubmed/16638021
https://doi.org/10.1083/jcb.140.6.1321
https://doi.org/10.1083/jcb.140.6.1321
http://www.ncbi.nlm.nih.gov/pubmed/9508766
https://doi.org/10.1111/bph.12139
http://www.ncbi.nlm.nih.gov/pubmed/23441623
https://doi.org/10.1534/genetics.115.175851
http://www.ncbi.nlm.nih.gov/pubmed/25903497
https://doi.org/10.1016/S1474-4422(07)70270-3
https://doi.org/10.1016/S1474-4422(07)70270-3
http://www.ncbi.nlm.nih.gov/pubmed/17980667
https://doi.org/10.1038/ncb2738
http://www.ncbi.nlm.nih.gov/pubmed/23624402
https://doi.org/10.1038/nature21686
http://www.ncbi.nlm.nih.gov/pubmed/28379943
https://doi.org/10.1111/j.1474-9726.2006.00267.x
https://doi.org/10.1111/j.1474-9726.2006.00267.x
http://www.ncbi.nlm.nih.gov/pubmed/17266679
https://doi.org/10.1038/nature08221
http://www.ncbi.nlm.nih.gov/pubmed/19587680
https://doi.org/10.1073/pnas.1002575107
https://doi.org/10.1073/pnas.1002575107
http://www.ncbi.nlm.nih.gov/pubmed/20460307
https://doi.org/10.1038/nature12188
https://doi.org/10.1038/nature12188
http://www.ncbi.nlm.nih.gov/pubmed/23698443
https://doi.org/10.1016/j.toxlet.2011.12.021
http://www.ncbi.nlm.nih.gov/pubmed/22245251
https://doi.org/10.1111/ene.13468
http://www.ncbi.nlm.nih.gov/pubmed/28940704
https://doi.org/10.1021/la3021436
https://doi.org/10.1021/la3021436
http://www.ncbi.nlm.nih.gov/pubmed/22870885
https://doi.org/10.1126/science.1115535
http://www.ncbi.nlm.nih.gov/pubmed/16293764
https://doi.org/10.7554/eLife.40314


Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. 2004. Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling pathway. Current Biology 14:885–890. DOI: https://doi.org/10.1016/
j.cub.2004.03.059, PMID: 15186745

Kumsta C, Chang JT, Schmalz J, Hansen M. 2017. Hormetic heat stress and HSF-1 induce autophagy to improve
survival and proteostasis in C. elegans. Nature Communications 8:14337. DOI: https://doi.org/10.1038/
ncomms14337, PMID: 28198373

Labbadia J, Morimoto RI. 2015. Repression of the Heat Shock Response Is a Programmed Event at the Onset of
Reproduction. Molecular Cell 59:639–650. DOI: https://doi.org/10.1016/j.molcel.2015.06.027, PMID: 26212459

Lampl Y, Boaz M, Gilad R, Lorberboym M, Dabby R, Rapoport A, Anca-Hershkowitz M, Sadeh M. 2007.
Minocycline treatment in acute stroke: an open-label, evaluator-blinded study. Neurology 69:1404–1410.
DOI: https://doi.org/10.1212/01.wnl.0000277487.04281.db, PMID: 17909152

Lapierre LR, De Magalhaes Filho CD, McQuary PR, Chu CC, Visvikis O, Chang JT, Gelino S, Ong B, Davis AE,
Irazoqui JE, Dillin A, Hansen M. 2013. The TFEB orthologue HLH-30 regulates autophagy and modulates
longevity in Caenorhabditis elegans. Nature Communications 4:2267. DOI: https://doi.org/10.1038/
ncomms3267, PMID: 23925298

Leigh PN, Meininger V, Bensimon G, Cudkowicz M, Robberecht W. 2008. Minocycline for patients with ALS. The
Lancet Neurology 7:119–120. DOI: https://doi.org/10.1016/S1474-4422(08)70006-1, PMID: 18207106

Li Z, Zhang Y, Ku L, Wilkinson KD, Warren ST, Feng Y. 2001. The fragile X mental retardation protein inhibits
translation via interacting with mRNA. Nucleic Acids Research 29:2276–2283. DOI: https://doi.org/10.1093/nar/
29.11.2276, PMID: 11376146

Martin I, Kim JW, Lee BD, Kang HC, Xu JC, Jia H, Stankowski J, Kim MS, Zhong J, Kumar M, Andrabi SA, Xiong
Y, Dickson DW, Wszolek ZK, Pandey A, Dawson TM, Dawson VL. 2014. Ribosomal protein s15 phosphorylation
mediates LRRK2 neurodegeneration in Parkinson’s disease. Cell 157:472–485. DOI: https://doi.org/10.1016/j.
cell.2014.01.064, PMID: 24725412

McColl G, Roberts BR, Pukala TL, Kenche VB, Roberts CM, Link CD, Ryan TM, Masters CL, Barnham KJ, Bush AI,
Cherny RA. 2012. Utility of an improved model of amyloid-beta (Ab1�42) toxicity in Caenorhabditis elegans for
drug screening for Alzheimer’s disease. Molecular Neurodegeneration 7:57. DOI: https://doi.org/10.1186/
1750-1326-7-57, PMID: 23171715

McCormick MA, Delaney JR, Tsuchiya M, Tsuchiyama S, Shemorry A, Sim S, Chou AC, Ahmed U, Carr D,
Murakami CJ, Schleit J, Sutphin GL, Wasko BM, Bennett CF, Wang AM, Olsen B, Beyer RP, Bammler TK,
Prunkard D, Johnson SC, et al. 2015. A Comprehensive Analysis of Replicative Lifespan in 4,698 Single-Gene
Deletion Strains Uncovers Conserved Mechanisms of Aging. Cell Metabolism 22:895–906. DOI: https://doi.org/
10.1016/j.cmet.2015.09.008, PMID: 26456335

McQuary PR, Liao CY, Chang JT, Kumsta C, She X, Davis A, Chu CC, Gelino S, Gomez-Amaro RL, Petrascheck
M, Brill LM, Ladiges WC, Kennedy BK, Hansen M. 2016. C. elegans S6K Mutants Require a Creatine-Kinase-like
Effector for Lifespan Extension. Cell Reports 14:2059–2067. DOI: https://doi.org/10.1016/j.celrep.2016.02.012,
PMID: 26923601

Medicherla B, Goldberg AL. 2008. Heat shock and oxygen radicals stimulate ubiquitin-dependent degradation
mainly of newly synthesized proteins. The Journal of Cell Biology 182:663–673. DOI: https://doi.org/10.1083/
jcb.200803022, PMID: 18725537

Metz LM, Zhang Y, Yeung M, Patry DG, Bell RB, Stoian CA, Yong VW, Patten SB, Duquette P, Antel JP, Mitchell
JR. 2004. Minocycline reduces gadolinium-enhancing magnetic resonance imaging lesions in multiple sclerosis.
Annals of Neurology 55:756. DOI: https://doi.org/10.1002/ana.20111, PMID: 15122721

Mitra S, Zubay G, Landy A. 1975. Evidence for the preferential binding of the catabolite gene activator protein
(CAP) to DNA containing the lac promoter. Biochemical and Biophysical Research Communications 67:857–
863. DOI: https://doi.org/10.1016/0006-291X(75)90755-X, PMID: 173335

Mortison JD, Schenone M, Myers JA, Zhang Z, Chen L, Ciarlo C, Comer E, Natchiar SK, Carr SA, Klaholz BP,
Myers AG. 2018. Tetracyclines Modify Translation by Targeting Key Human rRNA Substructures. Cell Chemical
Biology. DOI: https://doi.org/10.1016/j.chembiol.2018.09.010, PMID: 30318461

Nargund AM, Pellegrino MW, Fiorese CJ, Baker BM, Haynes CM. 2012. Mitochondrial import efficiency of ATFS-
1 regulates mitochondrial UPR activation. Science 337:587–590. DOI: https://doi.org/10.1126/science.1223560,
PMID: 22700657

Noble W, Garwood C, Stephenson J, Kinsey AM, Hanger DP, Anderton BH. 2009. Minocycline reduces the
development of abnormal tau species in models of Alzheimer’s disease. The FASEB Journal 23:739–750.
DOI: https://doi.org/10.1096/fj.08-113795, PMID: 19001528

Novoa I, Zhang Y, Zeng H, Jungreis R, Harding HP, Ron D. 2003. Stress-induced gene expression requires
programmed recovery from translational repression. The EMBO Journal 22:1180–1187. DOI: https://doi.org/
10.1093/emboj/cdg112, PMID: 12606582

Obici L, Cortese A, Lozza A, Lucchetti J, Gobbi M, Palladini G, Perlini S, Saraiva MJ, Merlini G. 2012. Doxycycline
plus tauroursodeoxycholic acid for transthyretin amyloidosis: a phase II study. Amyloid 19:34–36. DOI: https://
doi.org/10.3109/13506129.2012.678508, PMID: 22551192

Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, Gorman AM. 2016. The integrated stress response.
EMBO Reports 17:1374–1395. DOI: https://doi.org/10.15252/embr.201642195, PMID: 27629041

Pan KZ, Palter JE, Rogers AN, Olsen A, Chen D, Lithgow GJ, Kapahi P. 2007. Inhibition of mRNA translation
extends lifespan in Caenorhabditis elegans. Aging Cell 6:111–119. DOI: https://doi.org/10.1111/j.1474-9726.
2006.00266.x, PMID: 17266680

Solis et al. eLife 2018;7:e40314. DOI: https://doi.org/10.7554/eLife.40314 27 of 29

Research Communication Biochemistry and Chemical Biology

https://doi.org/10.1016/j.cub.2004.03.059
https://doi.org/10.1016/j.cub.2004.03.059
http://www.ncbi.nlm.nih.gov/pubmed/15186745
https://doi.org/10.1038/ncomms14337
https://doi.org/10.1038/ncomms14337
http://www.ncbi.nlm.nih.gov/pubmed/28198373
https://doi.org/10.1016/j.molcel.2015.06.027
http://www.ncbi.nlm.nih.gov/pubmed/26212459
https://doi.org/10.1212/01.wnl.0000277487.04281.db
http://www.ncbi.nlm.nih.gov/pubmed/17909152
https://doi.org/10.1038/ncomms3267
https://doi.org/10.1038/ncomms3267
http://www.ncbi.nlm.nih.gov/pubmed/23925298
https://doi.org/10.1016/S1474-4422(08)70006-1
http://www.ncbi.nlm.nih.gov/pubmed/18207106
https://doi.org/10.1093/nar/29.11.2276
https://doi.org/10.1093/nar/29.11.2276
http://www.ncbi.nlm.nih.gov/pubmed/11376146
https://doi.org/10.1016/j.cell.2014.01.064
https://doi.org/10.1016/j.cell.2014.01.064
http://www.ncbi.nlm.nih.gov/pubmed/24725412
https://doi.org/10.1186/1750-1326-7-57
https://doi.org/10.1186/1750-1326-7-57
http://www.ncbi.nlm.nih.gov/pubmed/23171715
https://doi.org/10.1016/j.cmet.2015.09.008
https://doi.org/10.1016/j.cmet.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26456335
https://doi.org/10.1016/j.celrep.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26923601
https://doi.org/10.1083/jcb.200803022
https://doi.org/10.1083/jcb.200803022
http://www.ncbi.nlm.nih.gov/pubmed/18725537
https://doi.org/10.1002/ana.20111
http://www.ncbi.nlm.nih.gov/pubmed/15122721
https://doi.org/10.1016/0006-291X(75)90755-X
http://www.ncbi.nlm.nih.gov/pubmed/173335
https://doi.org/10.1016/j.chembiol.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30318461
https://doi.org/10.1126/science.1223560
http://www.ncbi.nlm.nih.gov/pubmed/22700657
https://doi.org/10.1096/fj.08-113795
http://www.ncbi.nlm.nih.gov/pubmed/19001528
https://doi.org/10.1093/emboj/cdg112
https://doi.org/10.1093/emboj/cdg112
http://www.ncbi.nlm.nih.gov/pubmed/12606582
https://doi.org/10.3109/13506129.2012.678508
https://doi.org/10.3109/13506129.2012.678508
http://www.ncbi.nlm.nih.gov/pubmed/22551192
https://doi.org/10.15252/embr.201642195
http://www.ncbi.nlm.nih.gov/pubmed/27629041
https://doi.org/10.1111/j.1474-9726.2006.00266.x
https://doi.org/10.1111/j.1474-9726.2006.00266.x
http://www.ncbi.nlm.nih.gov/pubmed/17266680
https://doi.org/10.7554/eLife.40314


Panici JA, Harper JM, Miller RA, Bartke A, Spong A, Masternak MM. 2010. Early life growth hormone treatment
shortens longevity and decreases cellular stress resistance in long-lived mutant mice. The FASEB Journal 24:
5073–5079. DOI: https://doi.org/10.1096/fj.10-163253, PMID: 20720157

Petrascheck M, Miller DL. 2017. Computational Analysis of Lifespan Experiment Reproducibility. Frontiers in
Genetics 8:92. DOI: https://doi.org/10.3389/fgene.2017.00092, PMID: 28713422

Plate L, Paxman RJ, Wiseman RL, Kelly JW. 2016. Modulating protein quality control. eLife 5:e18431.
DOI: https://doi.org/10.7554/eLife.18431, PMID: 27435959

Prahlad V, Cornelius T, Morimoto RI. 2008. Regulation of the cellular heat shock response in Caenorhabditis
elegans by thermosensory neurons. Science 320:811–814. DOI: https://doi.org/10.1126/science.1156093,
PMID: 18467592

Rangaraju S, Solis GM, Thompson RC, Gomez-Amaro RL, Kurian L, Encalada SE, Niculescu AB, Salomon DR,
Petrascheck M. 2015. Suppression of transcriptional drift extends C. elegans lifespan by postponing the onset
of mortality. eLife 4:e08833. DOI: https://doi.org/10.7554/eLife.08833, PMID: 26623667

Roberts AM, Ward CC, Nomura DK. 2017. Activity-based protein profiling for mapping and pharmacologically
interrogating proteome-wide ligandable hotspots. Current Opinion in Biotechnology 43:25–33. DOI: https://
doi.org/10.1016/j.copbio.2016.08.003, PMID: 27568596

Robida-Stubbs S, Glover-Cutter K, Lamming DW, Mizunuma M, Narasimhan SD, Neumann-Haefelin E, Sabatini
DM, Blackwell TK. 2012. TOR signaling and rapamycin influence longevity by regulating SKN-1/Nrf and DAF-
16/FoxO. Cell Metabolism 15:713–724. DOI: https://doi.org/10.1016/j.cmet.2012.04.007, PMID: 22560223

Rogers AN, Chen D, McColl G, Czerwieniec G, Felkey K, Gibson BW, Hubbard A, Melov S, Lithgow GJ, Kapahi
P. 2011. Life span extension via eIF4G inhibition is mediated by posttranscriptional remodeling of stress
response gene expression in C. elegans. Cell Metabolism 14:55–66. DOI: https://doi.org/10.1016/j.cmet.2011.
05.010, PMID: 21723504

Seabrook TJ, Jiang L, Maier M, Lemere CA. 2006. Minocycline affects microglia activation, Abeta deposition,
and behavior in APP-tg mice. Glia 53:776–782. DOI: https://doi.org/10.1002/glia.20338, PMID: 16534778

Selman C, Tullet JM, Wieser D, Irvine E, Lingard SJ, Choudhury AI, Claret M, Al-Qassab H, Carmignac D,
Ramadani F, Woods A, Robinson IC, Schuster E, Batterham RL, Kozma SC, Thomas G, Carling D, Okkenhaug K,
Thornton JM, Partridge L, et al. 2009. Ribosomal protein S6 kinase 1 signaling regulates mammalian life span.
Science 326:140–144. DOI: https://doi.org/10.1126/science.1177221, PMID: 19797661

Seo K, Choi E, Lee D, Jeong DE, Jang SK, Lee SJ. 2013. Heat shock factor 1 mediates the longevity conferred by
inhibition of TOR and insulin/IGF-1 signaling pathways in C. elegans. Aging Cell 12:1073–1081. DOI: https://
doi.org/10.1111/acel.12140, PMID: 23879233

Shore DE, Carr CE, Ruvkun G. 2012. Induction of cytoprotective pathways is central to the extension of lifespan
conferred by multiple longevity pathways. PLoS Genetics 8:e1002792. DOI: https://doi.org/10.1371/journal.
pgen.1002792, PMID: 22829775

Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C, Yates JR, Su AI, Kelly JW, Wiseman RL.and
2013. Stress-independent activation of XBP1s and/or ATF6 reveals three functionally diverse ER proteostasis
environments. Cell Reports 3:1279–1292. DOI: https://doi.org/10.1016/j.celrep.2013.03.024, PMID: 23583182

Sidrauski C, McGeachy AM, Ingolia NT, Walter P. 2015. The small molecule ISRIB reverses the effects of eIF2a
phosphorylation on translation and stress granule assembly. eLife 4:e05033. DOI: https://doi.org/10.7554/eLife.
05033

Smith ED, Kaeberlein TL, Lydum BT, Sager J, Welton KL, Kennedy BK, Kaeberlein M. 2008. Age- and calorie-
independent life span extension from dietary restriction by bacterial deprivation in Caenorhabditis elegans.
BMC Developmental Biology 8:49. DOI: https://doi.org/10.1186/1471-213X-8-49, PMID: 18457595

Solis GM, Petrascheck M. 2011. Measuring Caenorhabditis elegans life span in 96 well microtiter plates. Journal
of Visualized Experiments. DOI: https://doi.org/10.3791/2496, PMID: 21445049

Steinkraus KA, Smith ED, Davis C, Carr D, Pendergrass WR, Sutphin GL, Kennedy BK, Kaeberlein M. 2008.
Dietary restriction suppresses proteotoxicity and enhances longevity by an hsf-1-dependent mechanism in
Caenorhabditis elegans. Aging Cell 7:394–404. DOI: https://doi.org/10.1111/j.1474-9726.2008.00385.x,
PMID: 18331616

Syntichaki P, Troulinaki K, Tavernarakis N. 2007. eIF4E function in somatic cells modulates ageing in
Caenorhabditis elegans. Nature 445:922–926. DOI: https://doi.org/10.1038/nature05603, PMID: 17277769

Taylor RC, Dillin A. 2011. Aging as an event of proteostasis collapse. Cold Spring Harbor Perspectives in Biology
3:a004440. DOI: https://doi.org/10.1101/cshperspect.a004440, PMID: 21441594

Tullet JM, Hertweck M, An JH, Baker J, Hwang JY, Liu S, Oliveira RP, Baumeister R, Blackwell TK. 2008. Direct
inhibition of the longevity-promoting factor SKN-1 by insulin-like signaling in C. elegans. Cell 132:1025–1038.
DOI: https://doi.org/10.1016/j.cell.2008.01.030, PMID: 18358814

van Ham TJ, Thijssen KL, Breitling R, Hofstra RM, Plasterk RH, Nollen EA. 2008. C. elegans model identifies
genetic modifiers of alpha-synuclein inclusion formation during aging. PLoS Genetics 4:e1000027. DOI: https://
doi.org/10.1371/journal.pgen.1000027, PMID: 18369446

Vellai T, Takacs-Vellai K, Zhang Y, Kovacs AL, Orosz L, Müller F. 2003. Genetics: influence of TOR kinase on lifespan
in C. elegans.Nature 426:620. DOI: https://doi.org/10.1038/426620a, PMID: 14668850

Weindruch R, Walford RL. 1982. Dietary restriction in mice beginning at 1 year of age: effect on life-span and
spontaneous cancer incidence. Science 215:1415–1418. DOI: https://doi.org/10.1126/science.7063854,
PMID: 7063854

Solis et al. eLife 2018;7:e40314. DOI: https://doi.org/10.7554/eLife.40314 28 of 29

Research Communication Biochemistry and Chemical Biology

https://doi.org/10.1096/fj.10-163253
http://www.ncbi.nlm.nih.gov/pubmed/20720157
https://doi.org/10.3389/fgene.2017.00092
http://www.ncbi.nlm.nih.gov/pubmed/28713422
https://doi.org/10.7554/eLife.18431
http://www.ncbi.nlm.nih.gov/pubmed/27435959
https://doi.org/10.1126/science.1156093
http://www.ncbi.nlm.nih.gov/pubmed/18467592
https://doi.org/10.7554/eLife.08833
http://www.ncbi.nlm.nih.gov/pubmed/26623667
https://doi.org/10.1016/j.copbio.2016.08.003
https://doi.org/10.1016/j.copbio.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27568596
https://doi.org/10.1016/j.cmet.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22560223
https://doi.org/10.1016/j.cmet.2011.05.010
https://doi.org/10.1016/j.cmet.2011.05.010
http://www.ncbi.nlm.nih.gov/pubmed/21723504
https://doi.org/10.1002/glia.20338
http://www.ncbi.nlm.nih.gov/pubmed/16534778
https://doi.org/10.1126/science.1177221
http://www.ncbi.nlm.nih.gov/pubmed/19797661
https://doi.org/10.1111/acel.12140
https://doi.org/10.1111/acel.12140
http://www.ncbi.nlm.nih.gov/pubmed/23879233
https://doi.org/10.1371/journal.pgen.1002792
https://doi.org/10.1371/journal.pgen.1002792
http://www.ncbi.nlm.nih.gov/pubmed/22829775
https://doi.org/10.1016/j.celrep.2013.03.024
http://www.ncbi.nlm.nih.gov/pubmed/23583182
https://doi.org/10.7554/eLife.05033
https://doi.org/10.7554/eLife.05033
https://doi.org/10.1186/1471-213X-8-49
http://www.ncbi.nlm.nih.gov/pubmed/18457595
https://doi.org/10.3791/2496
http://www.ncbi.nlm.nih.gov/pubmed/21445049
https://doi.org/10.1111/j.1474-9726.2008.00385.x
http://www.ncbi.nlm.nih.gov/pubmed/18331616
https://doi.org/10.1038/nature05603
http://www.ncbi.nlm.nih.gov/pubmed/17277769
https://doi.org/10.1101/cshperspect.a004440
http://www.ncbi.nlm.nih.gov/pubmed/21441594
https://doi.org/10.1016/j.cell.2008.01.030
http://www.ncbi.nlm.nih.gov/pubmed/18358814
https://doi.org/10.1371/journal.pgen.1000027
https://doi.org/10.1371/journal.pgen.1000027
http://www.ncbi.nlm.nih.gov/pubmed/18369446
https://doi.org/10.1038/426620a
http://www.ncbi.nlm.nih.gov/pubmed/14668850
https://doi.org/10.1126/science.7063854
http://www.ncbi.nlm.nih.gov/pubmed/7063854
https://doi.org/10.7554/eLife.40314


Weir HJ, Yao P, Huynh FK, Escoubas CC, Goncalves RL, Burkewitz K, Laboy R, Hirschey MD, Mair WB. 2017.
Dietary Restriction and AMPK Increase Lifespan via Mitochondrial Network and Peroxisome Remodeling. Cell
Metabolism 26:884–896. DOI: https://doi.org/10.1016/j.cmet.2017.09.024, PMID: 29107506
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