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Developmental ROS individualizes 
organismal stress resistance and lifespan

Daphne Bazopoulou1, Daniela Knoefler1, Yongxin Zheng2,3, Kathrin Ulrich1,  
Bryndon J. Oleson1, Lihan Xie1, Minwook Kim1, Anke Kaufmann1, Young-Tae Lee4, Yali Dou4, 
Yong Chen5, Shu Quan2,3 & Ursula Jakob1*

A central aspect of aging research concerns the question of when individuality in 
lifespan arises1. Here we show that a transient increase in reactive oxygen species 
(ROS), which occurs naturally during early development in a subpopulation of 
synchronized Caenorhabditis elegans, sets processes in motion that increase stress 
resistance, improve redox homeostasis and ultimately prolong lifespan in those 
animals. We find that these effects are linked to the global ROS-mediated decrease in 
developmental histone H3K4me3 levels. Studies in HeLa cells confirmed that global 
H3K4me3 levels are ROS-sensitive and that depletion of H3K4me3 levels increases 
stress resistance in mammalian cell cultures. In vitro studies identified SET1/MLL 
histone methyltransferases as redox sensitive units of the H3K4-trimethylating 
complex of proteins (COMPASS). Our findings implicate a link between early-life 
events, ROS-sensitive epigenetic marks, stress resistance and lifespan.

Genetic effects are estimated to account for only 10–25% of the observed 
differences in human lifespan1. However, the remaining differences are 
not entirely attributable to environmental factors. Even when isogenic 
animals, such as Caenorhabditis elegans, are cultivated under identi-
cal environmental conditions, individual lifespans can vary by more 
than 50-fold. These results suggest that other, more stochastic factors 
account for variations in lifespan. Previous studies in C. elegans revealed 
that as early as day 1 of adulthood, subpopulations of longer-lived 
animals emerge2. We therefore focused on the concept that specific 
fluctuating signals during development might differentially affect 
processes that determine lifespan. We investigated the idea that ROS3 
might serve as early lifespan-determining modulators in C. elegans. This 
idea was built on C. elegans studies, which showed (1) that significant 
lifespan extension occurs following exposure to pharmacologically 
generated ROS in young adults4 or by altering mitochondrial activ-
ity during development5, (2) that exposure of nematodes to non-lethal 
concentrations of ROS leads to increased stress resistance and lon-
gevity, a phenomenon termed mitohormesis4,6 and (3) that individual 
larvae of a synchronized wild-type population exhibit large variations 
in endogenous ROS levels7.

Early-life ROS affect adult redox states
To investigate whether and how developmental ROS levels affect C. 
elegans later in life, we used wild-type N2 worms that ubiquitously 
express the integrated redox-sensing protein Grx1–roGFP2, which faith-
fully responds to the cellular ratio of oxidized and reduced glutathione 
(GSSG:GSH)8. Consistent with previous peroxide measurements7, L2 
larvae revealed a significantly more oxidizing redox environment and 
substantially larger individual differences than young adults, which 

exhibited a maximally reduced environment with smaller inter-individ-
ual differences (Extended Data Fig. 1a). With increasing age, the average 
redox state became more oxidizing and individual differences in redox 
status re-emerged. Subsequent analysis of about 16,000 age-synchro-
nized L2 larvae using a reconfigured large particle BioSorter (Extended 
Data Fig. 1b) confirmed our microscopy studies and showed that the 
GSSG:GSH ratio varies widely among individuals (Fig. 1a). We sorted 
and binned L2 worms with redox states 2–3 standard deviations above 
(L2ox) or below (L2red) the mean population (L2mean) (Fig. 1a, Extended 
Data Fig. 1c), and confirmed their different redox states by fluorescence 
microscopy (Fig. 1b, Extended Data Fig. 2a–d). Notably, L2ox and L2red 
worms did not differ significantly in size, reproductive activity, mito-
chondrial respiratory chain function or glycolytic flux (Extended Data 
Fig. 3a–f), excluding the possibility that more extreme early-life redox 
states affect development or other relevant physiological parameters. 
Subsequent redox analysis of sorted L2ox and L2red worms showed that 
all animals become similarly reduced in young adulthood and become 
more oxidized as they age (Fig. 1c). By day 7 of adulthood, however, 
the L2ox worms were significantly more reduced than the L2red worms. 
The trigger of the transient increase in GSSG:GSH ratios during early 
development and the mechanisms that cause the observed switch in 
endogenous redox states during adulthood are unknown. However, 
our results demonstrate that a synchronized population of C. elegans 
larvae contains subpopulations with redox environments that imprint 
information that becomes relevant later in life.

Early-life ROS extend lifespan
To investigate potential downstream effects of the observed varia-
tions in developmental redox levels, we compared stress resistance 
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and lifespan of the sorted worms. We found that compared with L2red 
worms, L2ox worms were significantly more resistant to heat shock 
(Extended Data Fig. 3g), about 30% longer lived after the initial heat-
shock treatment (Fig. 2a) and substantially longer lived when grown in 
the presence of oxidants such as paraquat (Fig. 2b) or juglone (Extended 
Data Table 1). Moreover, L2ox worms displayed an increase of up to 18% 
in median lifespan and a 1–4-day increase in maximal lifespan (Fig. 2c, 
Extended Data Fig. 2e–i, Extended Data Table 2). This clear correlation 
between increased GSSG:GSH ratios, stress resistance and lifespan 
suggested that a subpopulation of synchronized worms undergo natu-
rally occurring hormesis during early development. Indeed, when we 
generated a more oxidizing environment in an entire population of 
worms by exposing them to 1 mM paraquat for 10 h during their L2 
stage, the entire population became longer-lived (Fig. 2d with inset). 
Treatment of L2 worms with 10 mM N-acetylcysteine (NAC) for 10 h did 
not substantially alter the redox state of the population and had no 
significant lifespan effect. By conducting the same experiments with 
previously sorted subpopulations, however, we found that a 10-h NAC 
treatment decreased the lifespan of L2ox worms but not of the already 
reduced L2red worms, whereas a 10-h paraquat exposure increased 
the lifespan of L2red worms but not of the already oxidized L2ox worms 
(Fig. 2e, f, Extended Data Table 3). These results provide evidence that 
transient changes in the redox environment during early development 
are sufficient to positively affect the lifespan of C. elegans.

Early-life ROS reduce H3K4me3 levels
To gain insights into the mechanisms by which a transient increase in 
the cellular redox state during development might cause an increase in 
stress resistance and lifespan, we first conducted quantitative PCR with 
reverse transcription (RT–PCR) to examine changes in mRNA levels of 
commonly assessed heat-shock- (Fig. 3a) and oxidative stress-related 
genes (Extended Data Fig. 4a). Unexpectedly, L2ox and L2red worms 
did not significantly differ in the steady-state expression levels of any 
of these genes. However, on exposure to heat-shock conditions, L2ox 
worms showed a significantly increased capacity to upregulate heat-
shock gene expression compared with L2red worms (Fig. 3a). Changes 
in transcript levels of heat-shock factor HSF-1 were not significantly 
different, suggesting that the transcriptional stimulation in L2ox worms 
is a result of either specific changes in HSF-1 activity, its subcellular 
localization or the accessibility of heat-shock promoter9.

Subsequent RNA-sequencing analysis from four independent 
large-scale sorting experiments identified 191 upregulated and 136 

downregulated genes in L2ox worms compared with L2red worms 
(Extended Data Fig. 4b). We were unable to draw any clear link between 
the differentially expressed genes (DEGs) and previously identified sets 
of stress- or longevity-related genes (Extended Data Fig. 4c, Supplemen-
tary Table 1). However, 26 of the 191 upregulated genes in L2ox worms 
overlapped with a set of 101 genes previously shown to be upregulated 
in worms lacking the absent small homeodisc protein ASH-210 (expected 
overlap if no correlation <1; P = 1.7 × 10−22, hypergeometric probability) 
(Fig. 3b, Supplementary Table 1). ASH-2 is a component of the highly 
conserved histone methylation complex COMPASS, which, together 
with a member of the SET1/MLL histone methyltransferase family (SET-2 
in C. elegans) and other partner proteins, causes trimethylation of 
lysine 4 in histone H3 (H3K4me3)11. H3K4me3 is primarily found at 
transcription start sites, where the modification is thought to mark and 
maintain transcriptionally active genes12. Recent studies in C. elegans 
revealed that H3K4me3 marks associated with transcription start sites 
are set during early development and remain stable throughout life13. 
Indeed, analysis of published chromatin immunoprecipitation data 
revealed that about 25% of DEGs that we identified in L2ox worms associ-
ates with H3K4me3 marks that appear to be set during development 
(Extended Data Fig. 4d, e). Furthermore, we found a highly significant 
overlap between DEGs in L2ox worms and DEGs in strains lacking the 
H3K4me3 readers SET-9 or SET-2614, similar to the overlap between 
ash-2 knockdown and set-9 or set-26 deletion strains (Extended Data 
Fig. 4f, g). On the basis of these results, we decided to analyse the global 
H3K4me3 abundancy in L2ox and L2red worms by western blotting using 
antibodies against H3K4me3. We tested the subpopulations of seven 
independent sorting experiments and found a clear and highly repro-
ducible reduction of more than 25% in global H3K4me3 levels in L2ox 
worms (Fig. 3c, Extended Data Fig. 5a). By contrast, other marks, such 
as H3K27ac or H3K27me3, were not significantly different between the 
two subpopulations (Extended Data Fig. 5b, c). These results strongly 
suggest a link between endogenous ROS levels, H3K4 trimethylation 
levels and gene regulation.

A redox-sensitive histone mark
RNA-sequencing analysis of L2ox and L2red worms did not reveal any 
transcriptional changes in components of the COMPASS complex. 
This result suggested that the activity rather than the level of the 
H3K4me3 complex is affected by the redox environment. To directly 
test whether the H3K4me3 machinery is ROS-sensitive, we attempted to 
purify the C. elegans proteins for in vitro methylation assays. However, 
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Fig. 1 | Endogenous redox state in an age-synchronized population of C. 
elegans larvae. a, Distribution of intracellular glutathione redox potential 
(Grx1–roGFP2 ratio) of an L2-staged N2jrIs2[Prpl-17::Grx1-roGFP2] population. 
L2 worms with Grx1–roGFP2 ratios between 2 and 3 standard deviations above 
(L2ox; red line and inset, R2) or below (L2red; blue line and inset, R4) the mean 
were sorted and compared with worms with mean Grx1–roGFP2 ratios (L2mean; 
green line and inset, R3). n = 15,599 worms. b, Representative microscopy 
analysis of the Grx1–roGFP2 ratio of individual worms (dots) of the L2ox, L2mean 

and L2red subpopulations. n, number of worms; one-way ANOVA with Tukey 
correction. The experiment was repeated four more times with similar results 
(see Extended Data Fig. 2a–d). c, Longitudinal analysis of the redox state. 
Sorted L2ox and L2red worms were cultivated at 20 °C and the Grx1–roGFP2 ratio 
of worms in each subpopulation was determined microscopically at the 
indicated time points. n, number of worms; two-sided Mann–Whitney U-test. In 
b, c, bars represent mean and error bars show s.e.m.
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this turned out to be impossible owing to their instability. By contrast, 
the mammalian members of the COMPASS have been previously used 
in H3K4 methylation assays in vitro15. To determine whether H3K4 
trimethylation is a redox-sensitive process in mammalian cells, we 
subjected HeLa cells to non-lethal H2O2 treatment and investigated 
global H3K4me3 levels. Consistent with our findings in C. elegans, we 
observed a global decrease of about 30% in H3K4me3 levels within 
30 min of peroxide treatment (Fig. 3d, Extended Data Fig. 5d), without 
detectable changes in steady-state levels of two of the main COMPASS 
components (Extended Data Fig. 5e, f). We subsequently purified the 
mammalian core COMPASS proteins—that is, the SET domain of MLL1, 
which catalyses lysine-directed histone methylation16, ASH2L, WDR5 
(human homologue of C. elegans WDR-5.1) and RBBP5. We then treated 
the individual proteins with peroxide for 30 min, removed the oxidant, 
recombined the proteins and tested them for in vitro histone methyla-
tion activity. Notably, among these proteins, only the SET-domain of 
MLL1 appeared to be reproducibly peroxide-sensitive (Fig. 3e, Extended 
Data Fig. 5g, h). Incubation of the peroxide-inactivated SET domain 
with thiol-reducing dithiothreitol (DTT) restored the original activity, 
strongly suggesting that thiol oxidation is responsible for the revers-
ible inactivation (Fig. 3e, Extended Data Fig. 5g, h). Analysis of the SET 
domain of other SET1/MLL-family members17, including SET1A, the 
most closely related human homologue of C. elegans SET-218 (Extended 
Data Fig. 5i), SET1B (Extended Data Fig. 5j) and a version of MLL1 lack-
ing the cysteine-containing GST-tag used for purification (Extended 
Data Fig. 5h) demonstrated that sensitivity towards peroxide is a uni-
versal feature for SET1/MLL family members. To investigate which of 
the seven cysteines in the SET domain of MLL1 might be sensitive to 

reversible thiol oxidation, we conducted direct (Extended Data Fig. 5k, 
l) and reverse thiol trapping (Fig. 3f) on oxidized and reduced MLL1 SET 
domains using the 500-Da thiol-reactive compound 4-acetamido-4′-
maleimidylstilbene-2,2′-disulfonic acid (AMS), followed by SDS–PAGE19. 
Analysis of the migration behaviour of thiol-trapped oxidized versus 
reduced MLL1 SET domain suggested that peroxide treatment leads to 
the formation of two intramolecular disulfide bonds. Subsequent mass 
spectrometry analysis of in vitro-modified cysteines confirmed these 
results and revealed that at least four of the five absolutely conserved 
cysteines in the SET domain are highly sensitive to oxidation (Extended 
Data Fig. 5m–o). To our knowledge, H3K4me3 is the only histone meth-
ylation mark and MLL1 is the only histone methyltransferase that is 
known to be posttranslationally redox-regulated.

H3K4me3 modulates stress resistance
Our studies raised the possibility that redox-mediated inactivation 
of the lone SET1/MLL-homologue in the oxidized subpopulation of C. 
elegans (that is, SET-2) leads to a reduction in global H3K4me3 levels, 
which causes increased stress resistance and longevity. This theory was 
supported by recent studies showing that deleting or knocking down 
components of COMPASS in C. elegans increases lifespan10. Indeed, 
strains with either deleted (that is, set-2 or wdr-5.1) or depleted (that 
is, ash-2) members of COMPASS were significantly more heat stress 
resistant than respective control strains or a strain deficient in the 
H3K4me3-demethylase RBR-2 (Fig. 3g). In addition, and comparable 
to results obtained with L2ox worms, we found that worms deficient in 
H3K4me3 (Extended Data Fig. 6a–c) showed a substantially increased 
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Fig. 2 | Oxidized L2 subpopulations show increased stress resistance  
and longer lifespan. Experiments were performed with N2jrIs2[Prpl-17:: 
Grx1-roGFP2] worms sorted into L2ox, L2mean and L2red subpopulations.  
a, Representative survival curves of sorted worms that survived heat-shock 
treatment. b, Representative survival curves of sorted worms cultivated on 
NGM plates supplemented with 2 mM paraquat. c, Representative survival 
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Grx1–roGFP2 ratio of individual worms (dots) after sorting. n, number of 
worms; two-sided unpaired t-test. d, Representative survival curves of a non-

sorted (mixed) worm population either untreated or treated at the L2 stage 
with 1 mM paraquat or 10 mM NAC for 10 h. Inset, Grx1–roGFP2 ratio of 
individual worms (dots) after treatment. n, number of worms; one-way ANOVA 
with Tukey correction. Data in insets are mean ± s.e.m. e, f, Representative 
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each of the datasets shown in this figure are presented in Extended Data 
Tables 1–3.



304 | Nature | Vol 576 | 12 December 2019

Article

transcriptional response after heat shock (Extended Data Fig. 6d, e). 
We obtained very similar results with HeLa cells depleted of ASH2L 
by short interfering RNA (siRNA) treatment (Extended Data Fig. 6f), 
which were more resistant to heat stress (Fig. 3h) and demonstrated 
an augmented transcriptional response to heat stress compared with 
control siRNA-treated cells (Fig. 3i). These results strongly suggested 
that the downstream effects of H3Kme3 depletion on stress resistance 
and longevity are conserved.

Finally, to test whether downregulation of H3K4me3 levels is suffi-
cient to increase heat-shock resistance and lifespan in L2ox worms, we 
generated ash-2 or set-2 RNA interference (RNAi)-mediated knockdown 
worms expressing the Grx1–roGFP2 redox sensor protein and sorted the 
synchronized L2 population as before. We detected no significant dif-
ference in the relative distribution or range of GSSG:GSH ratios between 
knockdown and control RNAi worms (Extended Data Fig. 6g). However, 
the sorted L2ox and L2red subpopulations of ash-2 and set-2 RNAi worms 
no longer exhibited any difference in heat-shock sensitivity (Fig. 4a, b) 
or lifespan (Fig. 4c, d, Extended Data Tables 2 and 4). Similarly, there was 

no life-prolonging effect when we treated ash-2 or set-2 RNAi worms with 
paraquat for 10 h at the L2 larval state (Extended Data Fig. 6h, Extended 
Data Table 4). These results imply that downregulation of H3K4me3 
levels is both necessary and sufficient to increase heat-shock resistance 
and lifespan in the oxidized subpopulation of worms.

Conclusions
In 2010, Cynthia Kenyon suggested that a stochastic event might flip 
an epigenetic switch or set in motion a chain of events that promotes 
ageing20. Our studies have revealed that variations in endogenous ROS 
during development—potentially caused by locally different growth 
conditions—contribute to the variation in lifespan observed in syn-
chronized populations of C. elegans. Animals that accumulate high 
levels of ROS during development apparently undergo an endogenous 
hormesis event, which, as previously observed with exogenous ROS 
treatment21, increases stress resistance and lifespan. This might serve 
as a bet-hedging strategy to provide subpopulations of worms with 
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improved survival during stress. Our studies reveal the underlying 
mechanism of ROS-mediated hormesis by demonstrating that global 
H3K4me3 levels are redox-sensitive and decrease in response to oxida-
tive stress. On the basis of the findings that decreased global H3K4me3 
levels increase stress resistance and C. elegans lifespan10, we postulate 
that we have identified a stochastic event, the epigenetic switch and 
the chain of events that are set in motion during early development 
to increase lifespan.

Recent studies in C. elegans demonstrated that H3K4me3 marks 
within gene bodies are set during adulthood and change with age13. 
By contrast, H3K4me3 enrichment at transcription start sites—which 
is thought to provide a ‘memory’ of actively transcribed genes—is set 
during development and remains stable throughout the lifespan13. This 
result probably explains how transient redox-mediated changes in 
H3K4me3 levels during development are sufficient to exert long-lasting 
effects despite the marked changes in the redox environment during 
adulthood. Our finding that organisms with lower levels of H3K4me3 
show an increased transcriptional response to stress conditions is 
initially counterintuitive, given that H3K4me3 is widely considered an 
activating mark12. However, our results are fully consistent with yeast 
studies, which have shown that reduction of H3K4me3 levels causes 
substantially more robust gene expression changes upon stress treat-
ment22. The extent to which this increase in transcriptional capacity 
of stress-related genes is linked to the observed lifespan extension, 
however, remains to be determined. A substantial number of genes 
involved in lipid metabolism were found to be downregulated in L2ox 
worms (Extended Data Fig. 4c, Supplementary Table 1). This is noteable, 
as increased lipid storage and altered lipid signalling have previously 
been linked to increased lifespans of a variety of different organisms23 

and found to have a role in the extension of lifespan of worms globally 
deficient in H3K4me3 levels24. Further investigation is needed to reveal 
how the transient downregulation of H3K4me3 levels selectively during 
development can elicit similarly profound lifespan-altering effects. Our 
ability to change the lifespan of an entire population with a simple 10-h 
exposure to ROS during development suggests that we have identified 
a time window and a mechanism that helps to individualize lifespan in 
animals. This study provides a foundation for future work in mammals, 
in which very early and transient metabolic events in life seem to have 
equally profound impacts on lifespan25.
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Fig. 4 | An intrinsically oxidizing environment confers increased stress 
resistance via downregulation of global H3K4me3 levels. a, b, Survival of 
N2jrIs2[Prpl-17::Grx1–roGFP2] worms treated with ash-2 (a) or set-2 (b) RNAi, 
sorted into L2ox and L2red and counted 24 h after heat shock. n = 3 (a) and n = 4 (b) 
independent experiments; two-way ANOVA with Tukey correction. Data are 
mean ± s.e.m. c, d, Representative survival curves of N2jrIs2[Prpl-17::Grx1-
roGFP2] worms treated with ash-2 (c) or set-2 (d) RNAi and sorted into L2ox and 
L2red. For n numbers, repetitions and statistics (log-rank) in c and d, see 
Extended Data Tables 2 and 4.
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Methods

No statistical methods were used to predetermine sample size. The experi-
ments were not randomized. The investigators were not blinded to alloca-
tion during experiments, unless otherwise noted, and outcome assessment.

C. elegans strains, maintenance and lifespan assays
The following C. elegans strains were used in this study: PB020: 
N2jrIs2[Prpl-17::Grx-1-roGFP2], N2: Wild-type Bristol isolate, RB1304: 
wdr-5.1(ok1417), RB1025: set-2(ok952), ZR1: rbr-2(tm1231) and ABR9: set-
2(ok952);rbr-2(tm1231). Unless stated otherwise, worms were cultured 
at 20 °C. Standard procedures were followed for C. elegans strain main-
tenance26. Synchronization was performed using alkaline hypochlorite 
solution; eggs were allowed to hatch by overnight incubation in M9 
medium during gentle shaking. Newly hatched, arrested L1 larvae were 
transferred onto standard nematode growth medium (NGM) plates 
seeded with live E. coli OP50. Lifespan studies were performed at 20 °C 
in the presence of fluorodeoxyuridine. Survival was scored every 2 days, 
and worms were censored if they crawled off the plate, hatched inside or 
lost vulva integrity during reproduction. The first day of adulthood was 
set as t = 0. Lifespan of unsorted worm populations were performed in 
a lifespan machine according to27. Survival plots were generated using 
GraphPad Prism. Lifespan data were analysed for statistical significance 
with log-rank (Mantel–Cox) or Gehan–Breslow–Wilcoxon test.

Reconfiguration of BioSorter for ratiometric sorting
Lasers of wavelength 405 and 488 nm were used to excite the Grx1–roGFP2 
sensor protein. Since the protein possesses a single emission maximum 
(~520 nm), the two lasers in the BioSorter (Union Biometrica) were rea-
ligned to sequentially illuminate single L2-staged worms as they passed 
through the flow cell, without emitting overlapping signals. This enabled 
collection of signals from 405- and 488-nm lasers separately, from two 
photon multipliers tubes. As a result, data were displayed as two groups 
of peaks (Extended Data Fig. 1b). Using the partial profiling feature (pp) 
of the FlowPilot-Pro software, we mapped the peaks corresponding to 
each laser that trace the fluorescent intensity and extinction signals. The 
extinction signal from the 488-nm laser was used to initially gate worms 
at the L2 stage larva (R1 gate, see Extended Data Fig. 1c). Oxidized, mean 
and reduced L2 worms were sorted from R2, R3 and R4 gates respectively, 
based on the peak 405 and 488-nm fluorescent intensities (inset in Fig. 1a).

Microscopy
Worms were mounted on objective slides using 4 µl thermoreversible 
CyGEL (BioStatus; Fisher Scientific) and 2 µl of 50 mM levamisole for 
immobilization. Fluorescence and DIC images were acquired with an 
upright microscope equipped with a Photometrics Coolsnap HQ2 
cooled CCD camera, a UPlan S-Apo 20× objective (NA 0.75) and a X-CITE 
exacte light source equipped with a closed feedback loop. For Grx1–
roGFP2 fluorescence, an external filter wheel was used with excitation 
filters 420/40×, 500/20×, dual bandpass dichroic T515LPXR and a single 
emission filter 535/30×. Image analysis was performed in Metamorph 
(Molecular Devices) using a custom script. In brief, an intensity threshold 
was chosen by the user. Pixels above this threshold constitute regions 
of interest. Regions with very high signal in any channel (for example, 
fluorescent particles) were identified by applying an over-saturation 
threshold and excluded from regions of interest. Mean ratiometric 
values (excitation 420 nm–emission 535 nm/excitation 500 nm–emis-
sion 535 nm) of regions of interest were calculated after subtraction 
of background. Acquisition parameters were kept identical across all 
samples. For body-length measurements, worms were measured from 
the nose to the tail tip and analysis was performed with ImageJ.

Brood size
L4-staged worms were transferred onto NGM plates and incubated at 
15 °C. The parental animals were transferred daily to individual NGM 

plates until the end of the reproductive period. The progeny of each 
animal was counted at the L2 or L3 stage.

Cellular respiration
Real-time oxygen consumption rates and extracellular acidification rate 
were measured with a Seahorse XFe96 Analyzer (Seahorse Bioscience) 
as described28. In brief, 100 L2-staged worms were sorted directly into 
individual wells of 96-well Seahorse utility plates at a final volume of 
200 µl of 10% M9. Acute effects of pharmacological inhibitors carbonyl 
cyanide-4(p-trifluor-methoxy)phenylhydrazone (FCCP), an accelera-
tor of the electron transport chain (ETC) and sodium azide (NaN3), a 
complex IV and V inhibitor, were evaluated by injecting them during 
the run at final concentrations of 20 µM and 40 mM respectively.

Heat-shock treatment
Heat shock was performed on solid OP50-seeded NGM plates wrapped 
in parafilm and submerged in a pre-heated water bath. For thermotoler-
ance assays, worms were heat-shocked for 45 min at 38 °C. Survival was 
scored after 24 h and then until the death of the last worm by absence of 
touch response or pharyngeal pumping. For transcriptional response 
assays, worms were heat-shocked for 30 min at 35 °C. After 1 h recovery 
at 20 °C, worms were collected and snap-frozen in liquid nitrogen. All 
heat-shock treatments were applied to worms at the L2 stage.

Treatments with NAC and paraquat
For survival assays, worms were cultivated on solid OP50-seeded NGM 
plates, supplemented with the indicated concentrations of NAC or 
paraquat. Survival was determined by absence of touch response or 
pharyngeal pumping. For transient exposure to compounds, worms 
were transferred into M9-media supplemented with OP50 and the 
indicated concentrations of NAC or paraquat for 10 h. Worms were 
harvested, washed three times with M9 and transferred onto regular 
OP50-seeded NGM plates.

RNA extraction and real-time quantitative PCR
Worms at the L2 stage (3,000–5,000; whole population or after sorting) 
were grounded in Trizol reagent (Life Technologies) with sea sand and 
a pestle. After filtering of the sand, samples were vigorously shaken 
with chloroform, allowed to stand for 3 min at room temperature, and 
then centrifuged at 16,000g at 4 °C. The aqueous phase was then col-
lected and RNA was purified using QIAGEN RNeasy RNA extraction 
columns according to the manufacturers’ recommendations. HeLa cells 
were directly lysed in the culture dish by adding Trizol, as per manufac-
turers’ recommendations. For RNA isolation, after addition of ethanol, 
the lysate was loaded onto QIAGEN RNeasy RNA extraction columns. 
cDNA synthesis was performed using PrimeScript 1st strand cDNA Syn-
thesis Kit (Takara) and real-time quantitative PCR was performed using 
Radiant Green Lo-ROX qPCR Kit (Alkali Scientific), as per manufacturers’ 
recommendations, in an Eppendorf Mastercycler epgradient S realplex2 
detection system. Relative expression was calculated from Cycle thresh-
old values using the 2 C−ΔΔ t method and the expression of genes of inter-
est were normalized to housekeeping genes  (cdc-42, pmp-3, panactin) 
and/or spiked-in luciferase (10 pg ml−1 Trizol).

Primers used were cdc-2: 5′-AGCCATTCTGGCCGCTCTCG-3′ and 
5′-GCAACCGCCTTCTCGTTTGGC-3′; pmp-3: 5′-TTTGTGTCAATTGGTC 
ATCG-3′ and 5′-CTGTGTCAATGTCGTGAAGG-3′; panactin: 5′-TCGG 
TATGGGACAGAAGGAC-3′ and 5′-CATCCCAGTTGGTGACGATA-3′; sod-
1: 5′-AAAATGTGGAACCGTGCTG-3′ and 5′-TGAACGTGGAATCCATG 
AA-3′; sod-2: 5′-GATTTGGAGCCTGTAATCAGTC-3′ and 5′-GAAGAGCG 
ATAGCTTCTTTGAC-3′; sod-3: 5′-CACTATTAAGCGCGACTTCGG-3′ 
and 5′-CAATATCCCAACCATCCCCAG-3′; ctl-2: 5′-ATCCCAACATG 
ATCTTTGA-3′ and 5′-TGAGATTCTTCACTGGTTG-3′; prdx-2: 5′-CGACTC 
TGTCTTCTCTCAC-3′ and 5′-GAAGATCATTGATGGTGAT-3′; aak-2: 
5′-AAGTCTGGAGTTGGGAATACG-3′ and 5′-GTATGCACTTCTTTGTGG 
AACC-3′; hsf-1: 5′-TCCGTATAAGAATGCGACTAGG-3′ and 5′-TAGCTTCTG 



ATGTGGTTGAAGG-3′; hsp-1: 5′-GGACGTCTTTCCAAGGATGA-3′ and 
5′-TCAAGATCTCGTCGACTTG-3′; hsp-16.2: 5′-CTGTGAGACGTTGAGATT 
GATG-3′ and 5′-CTTTACCACTATTTCCGTCCAG-3′; ash-2: 5′-CGATCG 
AAACACGGAACGA-3′ and 5′-TGCCGGAATCTGCAGTTTTT-3′, set-2: 
5′-TCGAAGATTGAAGGTGAAGAGAG-3′ and 5′-ATCATCTTTTTGCGG 
AACTGTAA-3′; HSPD1: 5′-TGCTGAGTTTTGAATGAGCAA-3′ and 
5′-CAATCTGCTCTCAAATGGACA-3′; Hsp90AA1: 5′-GAAATCTGTAGAACC 
CAAATTTCAA-3′ and 5′-TCTTTGGATACCTAATGCGACA-3′; luciferase: 
5′- ACGTCTTCCCGACGATGA-3′ and 5′-GTCTTTCCGTGCTCCAAAAC-3′.

RNA-sequencing analysis
Total RNA from four biological replicates of worms sorted at the L2 
stage (extracted as described above) was assessed for quality using 
the TapeStation (Agilent). Samples were prepared using the Illumina 
TruSeq Stranded Total RNA Library Prep kit (Illumina). Total RNA 
(100 ng) was rRNA-depleted using Ribo-Gone (Takara Bio). The rRNA-
depleted RNA was then fragmented and copied into first strand cDNA 
using reverse transcriptase and random primers. The products were 
purified and enriched by PCR (15 cycles) to create the final cDNA library. 
The 3′ prime ends of the cDNA were adenylated and ligated to adapt-
ers, including a 6-nt barcode unique for each sample. Final libraries 
were checked for quality and quantity by TapeStation and qPCR using 
Kapa’s library quantification kit for Illumina Sequencing platforms 
(Kapa Biosystems). The samples were pooled, clustered on an Illumina 
cBot and sequenced on one lane of an Illumina HiSeq4000 flow cell, 
as paired-end 50-nt reads. The quality of the raw reads data for each 
sample (for example, low-quality scores, over-represented sequences, 
inappropriate GC content) was checked using FastQC (v.0.11.3). The 
Tuxedo Suite software package was used for the computational analysis 
of the RNA sequencing29,30. In brief, reads were aligned to the reference 
genome WS220 using TopHat (v.2.0.13) and Bowtie2 (v.2.2.1.). Cufflinks/
CuffDiff (v.2.1.1) was used for expression quantitation, normalization, 
and differential expression analysis, using reference genome WS220. 
For this analysis, we used parameter settings: “–multi-read-correct” 
to adjust expression calculations for reads that map in more than one 
locus, as well as “–compatible-hits-norm” and “–upper-quartile–norm” 
for normalization of expression values. Diagnostic plots were gener-
ated using the CummeRbund R package. Genes and transcripts were 
identified as being differentially expressed based on three criteria: 
test status = “OK”, FDR ≤ 0.05, and fold change ≥  ±1.5. The Bioconduc-
tor Package GSA was used to perform enrichment test analysis. The 
algorithm was modified from the original gene set enrichment analysis 
(GSEA)31, for better power. Gene sets were downloaded from sources 
indicated in Supplementary Table 1. All FDR corrected P values in this 
result are extremely significant (FDR ≈ 0).

Western blot
Standard methods for western blotting were used for the detection 
of proteins from worm lysates. In brief, 3,000-5,000 L2-staged worms 
were collected in 20 µl of M9 buffer and snap frozen in liquid nitrogen. 
Laemmli loading buffer was added to the worm pellet (1:1 volume) 
and the samples were boiled for 5 min, separated by SDS–PAGE and 
transferred to PVDF membranes. Blots were blocked for 1 h with 5% 
milk in PBS and probed with anti-H3 (Abcam, ab1791; 1:2,000), anti-
H3K4me3 (Abcam, ab8580; 1:1,000), anti-H3K27ac (Abcam, ab4729; 
1:1,000), anti-H3K27me3 (Millipore, 07-449; 1:1,000), anti-ASH-2 
(Abmart, X3-G5EFZ3, 1:1,000;) or anti-β-tubulin (Santa Cruz, sc-5274; 
1:2,000) primary antibodies overnight at 4 °C. For the extraction of 
mammalian proteins, HeLa cells were treated with trypsin (Invitrogen, 
25200056) washed twice with PBS and collected in lysis buffer (RIPA 
buffer, 1 mM PMSF, protease inhibitor cocktail and 1 mM EDTA; 0.5 
ml lysis buffer per 5 × 106 cells). Samples were incubated for 45 min at 
4 °C with constant agitation. Lysates were spun down (4 °C, 20 min, 
12,000 rpm) and snap frozen in liquid nitrogen. Laemmli loading buffer 
was added to the lysates (1:1 volume) and the samples were boiled for  

5 min, separated by SDS–PAGE and transferred to PVDF membranes. 
Blots were blocked for 1 h with 5% milk in PBS and probed with anti-H3 
(Abcam, ab1791; 1:2,000), anti-H3K4me3 (Abcam, ab8580; 1:1,000), 
anti-ASH2L (Bethyl laboratories, polyclonal, A300-489A; 1:1,000), 
anti-MLL1 (Bethyl laboratories, polyclonal, A300-374A; 1:500) or anti-
β-tubulin (Santa Cruz, sc-5274; 1:2,500) primary antibodies overnight 
at 4 °C. HRP conjugated anti-rabbit (ThermoScientific, 31460) and anti-
mouse (ThermoScientific, 31430) secondary antibodies were used at 
1:5,000 dilution for 1 h at room temperature. Proteins were detected 
using Clarity ECL western blotting substrate (BioRad) and signal was 
captured using a BioRad ChemiDoc Touch imaging system.

C. elegans RNAi
Escherichia coli HT115 (DE3) strains transformed with vectors express-
ing dsRNA of the genes of interest (ash-2, set-2, wdr-5.1, empty pL4440) 
were obtained from the Ahringer library (a gift from G. Csankovszki), 
sequence-verified and grown at 37 °C as per manufacturer’s recom-
mendations. L1 worms obtained from synchronized populations were 
placed onto NGM plates containing ampicillin (100 mg ml−1) and IPTG 
(0.4 mM) seeded with the respective bacteria. Worms were cultivated 
on either RNAi or the empty vector control bacteria for two generations.

Mammalian cell culture and H2O2 treatment
HeLa (EM-2-11ht) cells (a gift from J. Nandakumar and authenticated 
by STR) were cultured in DMEM (Life Technologies, 11995-065), sup-
plemented with 10% Fetal Bovine Serum (Sigma-Aldrich, F4135) and 1% 
penicillin–streptomycin (Gibco, 15140-122) at 5% CO2. At 80% conflu-
ency, cells were washed with PBS (Life Technologies, 10010023) and 
treated with HBSS (Life Technologies, 14025-092) supplemented with 
0.1 mM or 0.3 mM H2O2 and incubated at 37 °C for 30 min.

Mammalian siRNA and heat-shock treatment
Eight thousand cells were transfected with 4.8 pmol of ASH2L siRNA 
(Dharmacon, M-019831-01-0005) or non-targeting siRNA (Dharmacon, 
D-001210-02-05) using Lipofectamine RNAiMax (Invitrogen, 13778-
150) in OPTI-MEM I Reduced serum medium (Gibco, 31985-062). For 
heat-shock treatment, cells were washed with PBS 72 h after siRNA 
transfection and placed in HBSS. Plates were wrapped with parafilm 
and submerged in a pre-heated water bath at 43 °C for the indicated 
time points. Viability was determined using the CellTiter-Glo Kit (Pro-
mega) as per manufacturer’s recommendations. Luminescence was 
monitored on a FLUOstar Omega microplate reader (BMG Labtech).

Histone methyltransferase activity assays
SET domains of SET1/MLL family proteins (MLL1, SET1A, SET1B), RBBP5 
(full length), ASH2L (full length), and WDR5 (full length) were purified 
as previously described32. The purified proteins were diluted to 10 µM  
and incubated with 1 mM or 2 mM H2O2 at 4 °C for one hour in the buffer 
25 mM Tris-HCl, pH 8.0. For DTT recovery, 4 mM DTT was added after 
H2O2 treatment and was incubated at 4 °C for 60 min. After oxidation, 
excess H2O2 was removed by ultrafiltration. Methyltransferase assays 
were performed using H3 peptides (residues 1–20) with one additional 
Tyr-residue at the C terminus for accurate quantification of peptides. 
An enzyme-coupled continuous spectrophotometric assay system 
was employed to monitor the time course of the reaction33,34. This 
assay system, which monitors the appearance of the cofactor product 
(SAH) at an absorbance of 515 nm (that is, OD515) contained the follow-
ing components: 25 mM Tris (pH 8.0), 320 nM AdoHcy nucleosidase, 
480 nM adenine deaminase, 40 U l−1 xanthine oxidase, 20,000 U l−1 
horseradish peroxidase, 4.5 mM 3,5-dicholoro-2-hydroxybenzene-
sulfonic acid, 0.894 mM 4-aminophena-zone, 40 µM MnCl2, 2.25 µM 
K4Fe(CN)6·3H2O, 200 µM S-adenosyl-methionine and 1 µM of the four 
mammalian proteins that constitute the minimal H3K4-methylating 
complex. All components were mixed in 30 µl volume in 384-well plate 
at room temperature, and the reaction was initiated by adding 400 µM 
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H3 peptide substrate. The OD515 was monitored using a Synergy Neo 
Multi-Mode Reader (Bio-Tek) for 1 h at 28 °C. The slope of OD515 versus 
time from the first 20 min linear range was converted into reaction 
rates. The relative activity for each complex without any H2O2 pretreat-
ment was set to 1. A buffer control was used to determine the baseline.

In vitro protein oxidation and thiol trapping
Purified MLL1 SET domain (15 µM) was treated with either 2 mM DTT or 
2 mM H2O2 for 30 min at 4 °C or 30 °C. To stop the reaction, the H2O2-
treated samples were mixed with catalase (0.5 mg ml−1). To reduce 
reversible thiol modifications the oxidized sample were treated with 
4 mM DTT for 30 min at 30 °C. The reduced cysteines were blocked 
with 20 mM NEM (N-ethylmaleimide) before SDS–PAGE analysis. For 
reverse thiol trapping experiments, the samples were resuspended in 
a denaturing thiol-trapping buffer (2.3 M urea, 0.2% SDS, 10 mM EDTA, 
200 mM Tris-HCl, pH 8.5) supplemented with 20 mM NEM for 30 min 
at 25 °C. Proteins were precipitated with 10% trichloracetic acid (TCA). 
After centrifugation, the pellets were washed with 10% TCA and 5% 
TCA and re-dissolved in the denaturing thiol-trapping buffer supple-
mented with 4 mM DTT to reduce reversible thiol modifications. After 
45 min of incubation at 30 °C, all new cysteine thiols were labelled with 
25 mM AMS for 5 min at 25 °C. Proteins were analysed on SDS–PAGE 
under non-reducing conditions and visualized using silver staining. For 
the mass spectrometry analysis of the cysteine-containing peptides, 
iodoacetamide (IAM) was used instead of AMS to label reversibly oxi-
dized cysteines. After SDS–PAGE under non-reducing conditions and 
Coomassie staining, protein bands were cut out, trypsin-digested, and 
analysed by nano liquid chromatography with tandem mass spectrom-
etry (LC–MS/MS; MS Bioworks).

Statistical analysis
The Prism software package (GraphPad Software 7) and the Microsoft 
Office 2010 Excel software package (Microsoft Corporation) were used 
to carry out statistical analyses. Information about statistical tests,  
P values and n numbers are provided in the respective figures and fig-
ure legends.

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

Data availability
All relevant data are available and/or included with the manuscript as 
Source Data or Supplementary Information. RNA-sequencing data 

have been uploaded to the Gene Expression Omnibus (GEO) database 
with accession number GSE138502.
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Extended Data Fig. 1 | In vivo readout of endogenous redox states at 
different stages during C. elegans lifespan and sorting parameters of 
oxidized and reduced subpopulations. a, Microscopy analysis of the Grx1–
roGFP2 ratio of individual N2jrIs2[Prpl-17::Grx1-roGFP2] worms (symbol) 
cultivated at 15 °C and imaged at the indicated time points. Data points that are 
not significantly different from each other (P > 0.05) are labelled with the same 

letter. Data are mean ± s.e.m; n, number of worms; one-way ANOVA with Tukey 
correction. b, The Grx–roGFP2 ratio (A405/A488) was calculated using the partial 
profiling feature (pp) configured to analyse extinction and emission data from 
488 nm and 405 nm lasers that sequentially excited each worm. c, A population 
of N2jrIs2[Prpl-17::Grx1-roGFP2] at the L2 stage, separated based on opacity 
(extinction) and length (time of flight) was gated as R1.
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Extended Data Fig. 2 | Sorting efficiency and lifespan of L2ox and L2red 
subpopulations. a–d, Microscopy analysis of the Grx1–roGFP2 ratio of 
individual worms (dots) previously sorted into L2ox, L2mean and L2red 
subpopulations. n, number of worms; one-way ANOVA with Tukey correction. 
e–i, Survival curves of sorted L2ox, L2mean and L2red worms. For n numbers,  

P values (log-rank test) see Extended Data Table 2. Insets, Grx1–roGFP2 ratio of 
individual worms (dots), assessed by fluorescence microscopy after sorting.  
n, number of worms. For P values (two-sided unpaired t-test) see Extended Data 
Table 2.



Extended Data Fig. 3 | Physiological properties of L2ox and L2red sorted 
worms. a, Length measurements of L2ox and L2red worms (symbol) from nose to 
tail tip immediately after sorting. No significant difference; P = 0.4735 
(unpaired two-sided t-test). b, Brood size of L2ox and L2red worms, measured at 
the indicated time points. n, number of worms. No significant difference within 
a single age; P = 0.6532 (two-way ANOVA). c–f, Basal respiration (c), maximal (d) 
and spare (e) respiratory capacity and basal rates of flux through glycolysis (f) 
of L2ox and L2red worms. n = 3 independent sorting experiments. ECAR, 
extracellular acidification rate; OCR,  oxygen consumption rate. P = 0.9469 (c), 
P = 0.7784 (d), P = 0.7904 (e) and P = 0.7925 (f); two-sided unpaired t-test.  
g, Survival of L2ox, L2mean and L2red worms 20 h after heat shock. n = 5 
independent sorting experiments; two-sided unpaired t-test. The connected 
data points represent data from the same sorting experiment. The survival of 
L2ox is set to 1. All data are mean ± s.e.m.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Gene expression profiles of L2ox and L2red. a, Steady-
state transcript levels of selected oxidative stress-related genes in L2ox and L2red 
worms. n, number of independent sorting experiments; unpaired two-sided  
t-test. Data are mean ± s.e.m. b, Volcano plot showing fold changes versus  
P values for the transcriptomes of L2ox and L2red subpopulations. DEGs 
(P ≤ 0.05) are represented by red dots (see Methods for statistical definition  
of DEGs). Data were collected from four independent sorting experiments.  
c, GSEA of the 327 DEGs. Normalized enrichment scores (see Methods for 
calculation) are represented by the bar graph. Terms (for summary, see 
Supplementary Table 1) indicating origin, process or phenotype associated 
with genes known to have a role in the process are shown on the left. Some 
terms (*) have been merged and are represented as a single category bar for 

simplicity (for detailed values, see Supplementary Table 1). d, e, Percentage of 
DEGs identified in L2ox that intersect with H3K4me3 peak signals within their 5′ 
region (500 bp upstream and downstream from the transcription start site). 
The H3K4me3 chromatin immunoprecipitation (ChIP) datasets were generated 
from L3-staged N2 worms: ChIP chip, GEO entry GSE30789 in d and chromatin 
immunoprecipitation followed by sequencing (ChIP–seq), GEO entry 
GSE28770 in e, indicating that these marks are set during larval development. 
Hypergeometric probability: d, P = 0.064; e, P = 2.786 × 10−6. In f, g, Venn 
diagrams show the overlap among upregulated (f) or downregulated (g) gene 
sets in L2ox and downregulated or upregulated set-9(rw5) and set-26(tm2467) 
gene sets (GEO entry: GSE100623). See Supplementary Table 1 for datasets  
in d–g.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Redox sensitivity of in vivo H3K4m3e3 levels and 
in vitro histone methyltransferase complex activity. a, Global H3K4me3 
levels in the sorted L2ox and L2red worms. A representative western blot using 
antibodies against H3K4me3 is shown. b, c, Quantification of global H3K27ac (b)  
and H3K27me3 (c) levels by western blot. n = 3 independent sorting 
experiments. P = 0.3793 (b) and P = 0.0905 (c); unpaired two-sided t-test. Data 
represent mean ± s.e.m. d–f, Global H3K4me3 (d), ASH2L (e) and MLL1 (f) levels 
in HeLa cells before and after H2O2 treatment, as assessed by western blot.  
g, Time course of the in vitro methyltransferase reaction for core COMPASS 
subunits (SET domain of MLL1–WDR5–ASH2L–RBBP5). Reaction rates were 
derived from the first 20 min of the linear range. h–j, In vitro histone 
methyltransferase assays of core COMPASS subunits, consisting of purified 
GST–WDR5 (WDR5), GST–ASH2L (ASH2L), GST–RBBP5 (RBBP5) and either GST–
MLL1 SET domain or untagged MLL1 SET domain (h), GST–SET1A SET domain (i) 
or GST–SET1B SET domain ( j). Superscript ox indicates that the protein was 
pre-treated with either 1 mM (+) or 2 mM (++) H2O2 for 30 min before the activity 
assay. DTT was added after the H2O2 treatment. n = 3 independent experiments; 
one-way ANOVA with Sidak correction. Data are mean ± s.e.m. k, The MLL1 SET 

domain was treated with either 2 mM DTT, 2 mM H2O2 or 2 mM H2O2, followed by 
4 mM DTT. Catalase was used to quench the H2O2. The proteins were denatured 
and thiols were modified with NEM before loading onto non-reducing SDS–
PAGE to prevent non-specific thiol oxidation. The proteins were visualized by 
silver staining. M, marker. l, MLL1 SET domain treated with either 2 mM DTT,  
2 mM H2O2 or 2 mM H2O2, followed by 4 mM DTT. All reduced protein thiols  
were then labelled with the 500-Da thiol-reactive compound AMS, causing a  
500-Da mass decrease per oxidized thiol—detectable on reducing SDS–
PAGE. M, protein marker. m, Cysteine oxidation state in MLL1 SET domain after 
treatment with either 2 mM DTT or 2 mM H2O2 followed by NEM labelling as 
assessed by LC–MS/MS. The peptide containing Cys3967 could not be 
detected. n, Schematic representation of the redox sensitivity of the MLL1 SET 
domain. For blot and gel source images, see Supplementary Figs. 1 and 3.  
o, Sequence alignment of the SET domain. All cysteines in MLL1 are shown in 
bold, and the five absolutely conserved cysteines are highlighted in yellow. 
Cysteines shown to be involved in zinc coordination are marked with an 
asterisk. NCBI protein BLAST and Clustal Omega Multiple Sequence 
Alignment, Clustal O (1.2.4) were used.
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Extended Data Fig. 6 | Effects of H3K4me3 downregulation on heat-shock 
response and endogenous redox state. a, ASH-2 and SET-2 transcript levels of 
N2jrIs2[Prpl-17::Grx1-roGFP2] worms treated with ash-2 or set-2 RNAi for 2 
generations. n = 6 (ash-2) and n = 2 (set-2) independent experiments; 
unpaired two-sided t-test. E.V., empty vector. b, ASH-2 protein levels in 
N2jrIs2[Prpl-17::Grx1-roGFP2] worms treated with control RNAi or ash-2 RNAi 
for two generations using western blot analysis. c, H3K4me3 levels in 
N2jrIs2[Prpl-17::Grx1-roGFP2] worms treated with control RNAi, ash-2 RNAi or 
set-2 RNAi for two generations. d, Transcript levels of selected heat-shock 
genes after heat-shock treatment of N2jrIs2[Prpl-17::Grx1-roGFP2] worms 
treated with the indicated RNAi. n = 3 independent experiments; one-way 
ANOVA with Bonferroni correction. e, Transcript levels of selected heat-shock 

genes in set-2 or wdr-5.1 mutants before and after heat-shock treatment. n = 3 
independent experiments; one-way ANOVA with Bonferroni correction.  
f, ASH2L levels following ASH2L siRNA treatment of HeLa cells. n = 2 
independent experiments. g; Grx1–roGFP2 ratios of L2 larval worms treated 
with ash-2 RNAi, set-2 RNAi, wdr-5.1 RNAi or the empty vector were measured 
using the BioSorter. n = 4 (ash-2, set-2) and n = 3 (wdr-5.1) independent sorting 
experiments; unpaired two-sided t-test. h, Representative survival curves of 
N2jrIs2[Prpl-17::Grx1-roGFP2] worms treated with ash-2 or set-2 RNAi for two 
generations and treated with 1 mM paraquat (PQ) for 10 h at the L2 larval stage. 
For n numbers, repetitions and statistics (log-rank), see Extended Data Table 4. 
Data in a, d–g, represent mean ± s.e.m. For blot source images, see 
Supplementary Figs. 1, 3.



Extended Data Table 1 | Lifespan assays of L2ox, L2mean and L2red subpopulations following heat-shock treatment or in the 
continuous presence of paraquat or juglone

Worms were sorted onto NGM plates and exposed to heat-shock treatment or the indicated compounds. P values for Kaplan–Meier survival analysis were calculated on the basis of the log-rank 
(Mantel–Cox) method. Samples were compared with L2ox subpopulations. Maximum lifespan was defined as the lifespan of the last 10% of the population. 
*Percentage change based on mean lifespan. 
†Percentage change based on maximum lifespan. 
‡Grx1–roGFP2 ratio of L2ox and L2red subpopulations, based on BioSorter analysis during sorting. Data are mean ± s.e.m. n, number of worms. Two-sided unpaired t-test.
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Extended Data Table 2 | Lifespan assays of L2ox, L2mean and L2red subpopulations

Worms were sorted onto NGM plates and assessed for lifespan. P values for Kaplan–Meier survival analysis were calculated on the basis of the log-rank (Mantel–Cox) method unless noted 
otherwise. Samples were compared with L2ox subpopulations. Maximum lifespan was defined as the lifespan of the last 10% of the population. E.V., empty vector (control RNAi conditions for 
experiments in Extended Data Table 4). 
*Percentage change based on mean lifespan. 
†Percentage change based on maximum lifespan. 
‡P value for survival analysis calculated based on the Gehan–Breslow–Wilcoxon method. 
§Grx1–roGFP2 ratio of L2ox and L2red subpopulations, based on BioSorter analysis during sorting. Data represent mean ± s.e.m. n, number of worms. Two-sided unpaired t-test. 
ǁGrx1–roGFP2 ratio of L2ox and L2red subpopulations based on microscopy analysis, following sorting. Data are mean ± s.e.m. n, number of worms. Two-sided unpaired t-test. 
¶Lifespan assay conducted with experimenter blind to the type of worms assayed.



Extended Data Table 3 | Lifespan assays of L2ox and L2red subpopulations following transient exposure to oxidizing or 
reducing conditions

Worms were sorted into liquid medium, exposed to paraquat or NAC for 10 h and then returned to NGM plates for lifespan assessment. P values for Kaplan–Meier survival analysis were  
calculated on the basis of the log-rank (Mantel–Cox) method unless noted otherwise. Samples were compared with L2ox subpopulations or L2mixed populations. Maximum lifespan was  
defined as the lifespan of the last 10% of the population. 
*Percentage change based on mean lifespan. 
†Percentage change based on maximum lifespan. 
‡P value for survival analysis calculated based on the Gehan–Breslow–Wilcoxon method. 
§Grx1–roGFP2 ratio of L2ox and L2red subpopulations at the L2 stage, based on BioSorter analysis during sorting. Data are mean ± s.e.m. n, number of worms. Two-sided unpaired t-test. 
‖Sample compared with the reduced subpopulation. 
¶Lifespan assays performed in the lifespan machine (see Methods).
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Extended Data Table 4 | Lifespan assays upon H3K4me3-targeting RNAi treatment

Worms were treated with the indicated RNAi and sorted into L2ox and L2red at the F2 generation (experiments 1–4). 
&The corresponding empty-vector controls for experiments 1–4 are shown in Extended Data Table 1 experiments 7–10. Worms were treated with 1 mM paraquat for 10 h at the L2 stage following 
RNAi treatment with ash-2 or set-2 (experiments 5 and 6). P values for Kaplan–Meier survival analysis were calculated on the basis of the log-rank (Mantel–Cox) method. Samples were compared 
with the respective L2ox or untreated control. Maximum lifespan was defined as the lifespan of the last 10% of the population. 
*Percentage change based on mean lifespan. 
†Percentage change based on maximum lifespan. 
‡Grx1–roGFP2 ratio of L2ox and L2red subpopulations, based on BioSorter analysis during sorting. Data are mean ± s.e.m. n, number of worms. Two-sided unpaired t-test.
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